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Abstract 
 MRI (magnetic resonance imaging) has brought great advances to diagnostic medicine, 
especially with the use of contrast agent (CA‟s) for comparison of images with and without 
contrast.  Since the first use of Gd III CA‟s in imaging in the early 1980‟s, the chemistry and 
physics of these CA‟s have been studied extensively.  These agents increase the longitudinal 
proton relaxivity of protons in waters hydrogen-bound to the Gd III and indirectly affect nearby 
water protons.   
 Gd DTPA (Magnevist) is the first Gd CA and has been widely used in imaging 
throughout the body.  Gd DOTA (Dotarem) has been intensively used in neurological 
applications.  Both are vital to diagnostic MRI.  Due to advances in CA chemistry, both are 
bound to a variety of macromolecules to increase rotational correlation time.  This increases the 
proton relaxation rate, providing better contrast.  In current use, the electron spin correlation time 
of Gd III is the critical time in determining the proton relaxation rate.  This electron correlation 
time is dependent on the zero field splitting (ZFS) of Gd III, particularly the static ZFS 
component.   
 This static ZFS of Gd III has been determined to an order of magnitude by various 
researchers.  This work utilizes multifrequency EPR (X, Q and W Band) of dilute powders of 
both Gd DTPA and Gd DOTA to give a narrow range for the ZFS of Gd DTPA and Gd DOTA.   
Also, simulations of peak positions of two planes of Q Band EPR of dilute Gd DOTA crystals 
were conducted.  This allowed precise determination of the static ZFS of Gd DOTA including 
quartic terms.  This knowledge will help in analyzing the effectiveness of current CA‟s and in 
developing future Gd CA‟s.   
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 In a second project, Gd DTPA has been intercalated into layered double hydroxides 
(LDHs) of magnesium and aluminum salts for potential use as a CA.  Particularly the Gd DTPA 
LDHs were intended to target cancerous vasculature and cells.  During the project, it was 
discovered that uptake of the LDHs into cells did not occur.  However, these Gd DTPA LDHs 
were measured at X Band EPR to show intercalation of the CA.   
 Also, studies on rotational dynamics of Gd DTPA in LDH were attempted.  John Chen‟s 
study of the rotational dynamics of Gd DTPA in solution involved the use of vanadyl as a 
substitute for Gd III.  VO II has strong hyperfine coupling which reveals changes in rotational 
dynamics in EPR.  The VO II DTPA in LDH was used in a multi-temperature, X Band EPR 
study of the rotational dynamics of Gd DTPA in LDH.  The study shows the likelihood of a 
motionally (temperature) dependent mixture of anisotropic and isotropic motional states of the 
Gd DTPA in LDH.  Unfortunately, simulations did not confirm this.   
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Introduction 
A. Objectives of Introduction: 
This introduction accomplishes several objectives.  The research area, magnetic 
resonance imaging using contrast agents, is discussed.  Then I briefly describe the main projects 
and discuss the reasons for interest in these particular projects.  Definitions of the main 
terminology and techniques involved in the research and background are also given.  These 
projects involve the contrast agent ligands shown below and Gd III, a 
4
f7 lanthanide ion.   
Fig. 1:1-2 Gd fits inside carbon-nitrogen ring of DOTA and is coordinated by the four 
amines and four carboxylic acid groups.  The DTPA wraps around the Gd III in a disc 
shape and coordinates it with five carboxylates and three amines.  The waters coordinate 
perpendicular to the ligand rings:   
 Fig. 1.1 Gd DOTA     Fig. 1.2 Gd DTPA 
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B. Basis for Research 
1. History of MRI (magnetic resonance imaging) of Gd III CA’s (contrast agents) 
Magnetic resonance imaging (MRI) was first called three-dimensional nuclear magnetic 
zeugmatographic imaging in a paper by Paul Lauterbur in 1980
1
.  Three-dimensional images 
were reconstructed from one-dimensional signals (projections) in the presence of a linear 
magnetic gradient.  The studied object was essentially divided into slices by the magnetic field 
gradient.  Producing the images was difficult and time-consuming, but the technological 
capabilities advanced rapidly with processor speed.   
The images are directly based on water proton concentration and the average proton 
relaxation time.  Faster relaxation times and larger concentrations of water protons create larger 
signals.  The type of soft tissue (vasculature, muscle, internal organs, etc.) affects the 
concentration of protons and their environment.  The environment varies in pH, in 
hydrophobicity, and in temperature, which all affect the relaxation time of the protons.   
The hydrophobicity and water concentration are especially important in distinguishing 
different types of soft tissue and elucidating structural abnormalities.  The soft tissue can be 
isolated from bone and from vasculature by water proton concentration.  This is apparent in an 
early study of MRI of the spinal cord and canal in identifying neoplastic, degenerative and 
congenital legions
2
.  
Temperature changes affect the image produced and help to identify infections.  pH 
changes due to necrosis can identify both cancerous and infected tissue.  Still, without contrast, 
different types of soft tissue produce very similar images.  Not all cancers and infections are 
visible at early stages in MRI without contrast, when such diagnosis has practical value in 
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treatment.  Still, MRI without contrast is a commonly used tool in diagnosis and in research 
applications.   
Gd III CA‟s first allowed changes in longitudinal proton relaxation time throughout the 
body to increase the MRI signal
3
.  Weak signals become stronger, so the comparison of images 
with and without contrast allows finer distinction of changes in water proton concentration, 
hydrophobicity, temperature, and pH.  This allows doctors to distinguish and identify structural 
features and abnormalities more clearly.  Also, it allows diagnostic use of MRI to identify 
cancers and infections at earlier stages. This early diagnosis makes treatment possible. A review 
article discusses the broad use of the CA Gd DTPA in central nervous system imaging including 
cancers, infarctions, multiple sclerosis plaques, aneurisms, spinal column disk diseases and 
others
4
.       
Gd DTPA is one of the oldest CA‟s and is still widely used in MRI.  It is also one of the 
most extensively characterized CA‟s by EPR.  The first clinical test for Gd DTPA as a MRI 
contrast agent for humans was in 1984
3
.   Gd III agents were shown to be effective in increasing 
the proton relaxation through shortening T1 (longitudinal relaxation).  Twenty patients were 
given 1 mM Gd DTPA intravenously; enhancement was greater in all cases and greater than 
computed tomography in most cases.
3  
In comparison, Mn II CA‟s are able to shorten T2 
(transverse relaxation) times
5-7
.      
  In the above review
4
, the use of Gd DTPA as a CA also lowered the number of false 
positives in MRI tests for diagnosis of metastatic disease in a blind, randomized study from 9 % 
to less than 1 %.  Since then, Gd DTPA has become ubiquitous as an MRI contrast agent.   
Gd DOTA has also become an important CA, especially for neurological disorders, 
infections, and cancers affecting the nervous system.  The first contrast MRI using Gd  
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DOTA showed it to have greater blood serum stability than Gd-DTPA and similar distribution 
and contrast capabilities
8
.  Gd-DOTA also showed greater MRI contrast at low magnetic field 
values than Gd-DTPA
9
.  In the first clinical trial in 1989, Gd-DOTA was used to study primary 
and metastatic brain tumor, cerebral infarct, vascular malformation, meningioma, 
hemangiopericytoma, schwannoma, and pituitary macroadenoma with similar relaxation 
properties to Gd-DTPA
10
.   
Acute myocardial infarction was studied using MRI with and without Gd-DOTA CA, 
tripling the number of patients (3 to 9) whose healthy and unhealthy myocardium showed 
excellent contrast
4
.  In the last 20 years, Gd-DOTA has become a mainstay MRI CA. 
These and other CA‟s were not designed to target particular tissues, but they 
unintentionally distinguished between types of tissue.  Ionic Gd CA‟s, such as Gd DTPA and Gd 
DOTA, have higher concentrations in hydrophilic environments.  Nonionic CA‟s, such as 
DO3A, have an affinity for hydrophobic environments, such as fatty tissues.  Attachments to CA 
ligands have been designed to target particular cells, tissues, and organs.   
As an example, attachment of dendrimers to Gd CA‟s to increase rotational correlation 
time and to increase the time spent by the CA in the bloodstream has been accomplished
11
 as 
shown in this review and its references.  These types of blood pool agents have great potential in 
MR angiography to provide an alternative to X-ray angiography
12
.  Also, these agents may allow 
MRI molecular imaging to probe molecular changes in the early stages of disease to allow early, 
efficient therapy
11
.    
 The usefulness of Gd CA‟s in imaging various systems has led to significant research 
concerning a variety of questions.  Why do Gd CA‟s function so well to improve contrast?  How 
can we make Gd-CA‟s which target particular organs, tissues, or cells, or types of infectious or 
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cancerous areas in the body?  Can we increase the proton relaxation rate to increase contrast 
difference between images taken with and without contrast? These questions and others led 
researchers to a variety of studies on CA chemistry involving various techniques.   
The structure of CA ligands (molecular and electronic), the electronic wavefunctions and 
structure of the Gd III center, ligand-water hydrogen-bonding, and Gd III-water hydrogen 
bonding have all been studied.  Various heterocyclic ligands have been synthesized as CA‟s.   
Proton relaxivity and conditional stability at pH 7.4 of these potential CA‟s have been studied as 
shown in this review and its references
13
.  These organic synthetic chemistry and biochemistry 
involved in the creation of new Gd CA‟s with different relaxation, conditional stability and 
targeting properties are not addressed in this research.   
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2. Molecular Dynamics of Gd III Contrast Agents: 
 Some of the questions that come to the mind of every CA researcher is:  Why are these 
particular Gd III complexes such good CA‟s? Particularly: Why do they have such a long 
electronic relaxation time compared to other Gd III complexes?  2.) How does this work explain 
and affect our understanding of Gd III CA‟s?  Clearly, a better understanding of the molecular 
electronic environment around the CA‟s would help us understand the nuclear magnetic 
interaction with water protons leading to the MRI signal.   
In solution, simulations based on constants established in experimental work in 
dispersion NMR, 
17
O NMR, Deuterium NMR, ESR, and MRI have shown how waters interact 
with the CA
14
.  One water molecule is directly hydrogen-bound to the Gd III center in every Gd 
CA.  Molecular dynamics calculations have shown that two to seven 2
nd
 sphere waters are 
hydrogen-bound to the carboxylate groups on the CA ligands
14
.  Classical molecular dynamics 
(MD) simulations using atomic point charges on ligand atoms from ab initio calculations have 
been used to describe the coordination geometries of two acyclic or linear (DTPA and EGTA) 
and two macrocyclic (DO3A and DOTA) ligands.   
The linear ligands showed fast conformational changes, whereas the macrocyclics were 
very rigid over 1 ns simulations
14
.  The rotational correlation times for the inner sphere water 
bound oxygen (
17
O NMR) and protons (NMRD) have also been simulated with MD; as these 
simulations assume infinite dilution, concentration effects always lower real rotational 
correlation times
14
.  The ratio between the two correlation times shows the rotation of the inner 
sphere protons around the Gd-O bond.  This ratio shows faster movement for the acyclic than 
macrocyclic complexes
14
.  However, even for a very fast rotation of the water molecule, the 
rotational correlation time is only 35 % shorter.   
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As a higher rotational correlation time is associated with a better CA, this explains how 
Gd DTPA is still an effective CA in comparison with Gd DOTA.  Both are very different in their 
molecular electronic structure and internal kinetics, but are still useful CA‟s14.  The electronic 
hyperfine interaction of the inner sphere proton with the magnetic field of the Gd III is described 
in the following equations
14
. 
Eq. 1.1
14 
  Aiso(N) = (4S)egeg

(R) 
Eq. I:1 describes the local isotropic interaction Aiso(N) of the magnetic moment of the 
paramagnetic center at the hydrogen nucleus; this represents the electronic spin density () of 
the Gd III at the point of the nucleus. It is dependent mainly on the distance between the Gd III 
and the H atom (RN), which varies little for the Gd complexes considered here.  The ‟s are 
electronic and nuclear Bohr magnetons, and the g‟s and the electronic and nuclear g values. The 
anisotropic or dipolar interaction Tij is the main contribution to the shortening of the T1 time 
caused by Gd CA‟s14: 
Eq. 1.2
14 
Tij (N) = (1/2S)egeg

(r)×{[(r - R)
2δij – 3(ri - Ri)(rj - Rj)]/(r - R)
5
]}dr 
Here RN represents the position relative to the Gd III of the nucleus N in space; the S is 
the maximum value of the electronic spin projection in space.  This is the nonlocal character of 
the Gd III interaction with the proton
14
.  That is, the strong nonlocal or dipolar interaction 
between the Gd III and the inner sphere proton creates longer spin-lattice relaxation of the proton 
in a static magnetic field and thus changes the MRI „picture‟ of the water molecule protons; the 
difference between these images allows greater clarity of differences in temperature and water 
density in various tissues, which allows better imaging of various diseases, cancers, and 
  
8 
 
malformations in the body and brain.  The electronic dipole interaction is clearly dependent on 
the molecular electronic structure of the Gd III in its respective ligand; an analysis of true dilute 
powder spectra and crystals at various orientations will give a better understanding of this 
interaction. 
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3. Stability Concerns over Gd III CA’s: 
Concerns over the stability of Gd CA‟s in recent years have led to lawsuits and desire for 
new CA‟s, but Gd-DOTA will remain an important CA due to its unique kinetic stability.  This 
research does not directly impact on the creation of more stable CA‟s, but all Gd CA researchers 
should consider this issue seriously.  Gd-DOTA is the only ionic cyclic Gd contrast agent.  
Cyclic CA‟s dissociate less easily because 5 or 6 bonds must be broken simultaneously rather 
than in sequence as for the linear CA‟s.  Ionic CA‟s bond more tightly than nonionic CA‟s, in 
general.  Nonionic linear contrast agents have the lowest stability and fastest dissociation, with 
nonionic cyclic being better than the ionic linear (Gd DTPA) CA‟s.  
As seen in Table 1.1, Gd-DOTA has the highest given thermodynamic stability (25.8) 
and conditional stability (18.8) for pH 7.4 (the normal internal body pH) of the gadolinium 
CA‟s15.  These conditional and thermodynamic stabilities are on logarithmic scales, so the 
differences in dissociation are larger than they appear.  The full names of the compounds in the 
Table 1.1 are given at the end of the introduction in D2.  Gd DTPA, by comparison, has a 
thermodynamic stability constant of 22.1 and a conditional stability constant of 18.1 which are 
greater than average.  Gd DOTA even has a dissociation half-life at pH 1 of > 1 month compared 
to 10 minutes for Gd DTPA and one day or less for values given for other gadolinium contrast 
agents
15
.  
In vivo experiments have found minimal Gd in rats and mice with normal renal function 
2 weeks after injection of Gd-DOTA and Gd-HP-DO3A, whereas the nonionic linear Gd-BMA-
DTPA showed 3 times higher Gd concentration than the ionic linear Gd DTPA
15
.  Patients 
undergoing MRI with Gd-BMA-DTPA also showed 3 times higher zinc excretion than those 
treated with Gd-DTPA as CA, whereas Gd DOTA CA led to no zinc excretion
15
.  Animal studies 
  
10 
 
in rats and monkeys treated with high doses (3-5 mmol/kg) of Gd-BMA-DTPA and Gd-BMEA-
DTPA (nonionic linear CA‟s) for 28 days showed skin ulceration and testicular atrophy, the 
symptoms for zinc defiency
15
.  Gd dissociation in the bloodstream leads to association of the 
chelate with Zn or another metal ion.   
This is particularly a concern for those patients with low kidney and renal function, 
because the contrast agent may take 30 or more hours rather than the normal 1.5 hours to clear 
their systems
15
. Haemodialysis patients would require 3 consecutive dialysis sessions for 6 days 
to eliminate 97% of the Gd-CA, while continuous ambulatory peritoneal dialysis patients show 
elimination of only 69 % of Gd-CA over 20 days
15
.  Macrophages engulf gadolinium phosphates, 
carbonates, and citrates and release cytokines, particularly TGF- β, transforming growth factor β,  
which cause fibrocytes to leave circulation
15
.  Fibrocytes grow into fibroblasts, which attract 
collagen to the high Gd III tissues: nephrogenic systemic fibrosis sets in.   
While the free Gd III from normal doses of Gd-CA may be of no concern for patients 
with normal renal function, caution should be exercised in using some Gd-CA‟s (particularly 
nonionic linear) for longterm or high dose use in patients with weakened renal function. 
Considering its stability, Gd DOTA will always be an important contrast agent, even if some Gd 
contrast agents become less common due to concerns over Gd toxicity.   
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Table 1.1 Stability measurements of Various Gd-CA’s15  
Gd-CA Type Thermodynamic 
Stability Constant 
Conditional 
Stability  
(pH 7.4) 
Kinetic Stability 
(Dissociation 
half-life at pH 1) 
Gd-DTPA-
BMEA 
Non-ionic linear 16.6 15 N/A 
Gd-DTPA-BMA Non-ionic linear 16.9 14.9 35 s  
Gd-BT-DO3A Non-ionic cyclic 21.8 N/A 24 h 
Gd-HP-DO3A Non-ionic cyclic 23.8 17.1 3 h 
Gd-DTPA Ionic linear 22.1 18.1 10 min. 
Gd-BOPTA Ionic linear 22.6 18.4 N/A 
Gd-DOTA Ionic cyclic 25.8 18.8 >1 month 
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C. Projects 
This thesis reports two main projects.  In the first project, there are multi-frequency, 
variable temperature electron paramagnetic resonance (EPR) studies of Na2Gd.02Eu DTPA 
(gadolinium diethylamine triamine pentaacetic acid), Na2Gd.02Eu DOTA (1,4,7,10-
tetraazacyclodecane-1,4,7,10-tetraacetic acid), and Na2Gd.01Eu EDTA (ethylene diamine 
tetraacetic acid) single crystal and powder spectra.  
In the second project, a study of the intercalation of Gd DTPA into layered double 
hydroxide particles (LDH clays) was attempted.  LDH clays are a material proposed as a 
magnetic resonance imaging (MRI) contrast agent (CA). Within this project, VO (vanadyl) 
DTPA was utilized as a tool to study the anisotropy of Gd III in DTPA to determine the effect of 
intercalation into LDH clays on the rotational dynamics of its intercalates, particularly Gd 
DTPA.   
Both of these projects are tied together by an interest in developing better CA‟s for MRI.  
In the first project, the knowledge gained about Zero Field Splitting (ZFS) should help us better 
understand the electron spin relaxation of the Gd III center which is a key factor in the increase 
in proton relaxation time caused by the interaction of the Gd CA‟s with protons.  This increased 
proton relaxation generates increased contrast between MRI scans taken with and without CA.  
In the second project, the LDH material would target the changed vasculature surrounding 
cancerous tissues and be absorbed by cancerous cells for increased contrast in cancerous tissues.  
This would allow targeting of cancerous tissue with Gd CA.   
In this vein, the background will consider the specific works which led to these studies 
and provide a basis for the comparison of values.  The main success in these projects is the 
determination of the static ZFS part of the ZFS for Gd DOTA and Gd DTPA for particular 
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crystal structures, so more focus will be on the background and reasoning for this project.       
The major studies impacting my work and which are the bases for my projects are listed below: 
 1a) Hoon Kang‟s dissertation12 on EPR of Gd III CA‟s involves studies of frozen and 
room temperature solutions of Gd CA‟s at multiple frequencies.  He attempted to determine 
approximate static and transient ZFS values using measurements of the g shift over frequency at 
room temperature, the linewidth change over frequency at room temperature, and multifrequency 
fitting of static ZFS terms D and E of frozen solution (powder) spectra.  This created an interest 
in methods to determine the static ZFS terms more precisely.  The discovery of the importance of 
the quartic terms in the static ZFS of Gd DOTA was incidental.   
1b) Rast and Borel
16
 attempted to fit room temperature solution spectra of Gd DOTA and 
free Gd III with various parameters including transient and static ZFS using S
4
 and S
6
 terms of 
the ZFS; however, fitting of the Gd DOTA spectra showed no higher order ZFS terms.  This 
research led to questions about the accuracy and precision of using broad, single line spectra to 
simulate so many complex interdependent parameters.  The need for observation of peaks whose 
position and width are directly affected by ZFS parameters was highlighted. 
 2a) The work of Choy, Kwak, Park, and Jeong
17-18
 describes the intercalation of various 
biologically important molecules (DNA, nucleosides, ATP) into LDH and potential uptake of 
LDH by cells.  This led to interest in the intercalation of Gd DTPA into LDH for use as a 
possible intracellular Gd CA.  Particularly, the targeting of cancerous vasculature and cells by 
the LDH was viewed as a means of improving the contrast capabilities of Gd DTPA.  Neither of 
these aspects of the project was proven; the uptake of LDHs into cells did not occur
19
.  Still, this 
work provided the basis for my interest in the intercalation and EPR study of Gd DTPA into 
LDH. 
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2b) John Chen‟s20 dissertation involves CW EPR, ESEEM, and NMR D studies 
comparing the rotational dynamics of VO DTPA and Gd DTPA in solution which suggested the 
use of VO DTPA an anisotropic probe of Gd DTPA. This led to the multi-temperature X Band 
EPR studies of the motion of VO DTPA in LDH as a probe for the rotational environment of the 
LDH.  The LDH was expected to limit rotational motion in one direction, so that the Gd DTPA 
became like a spinning top within the layers of the LDH. 
The work and basis for the work of Hoon Kang is the basis for the major project in this 
work and will be discussed in more detail. 
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A. Definitions of Terms 
1. Glossary: 
To begin, I will define and describe MRI, EPR, NMR, CA, proton relaxation and related 
concepts.  Some of the definitions were taken from or influenced by this website
21
: 
http://goldbook.iupac.org/. 
1.  Contrast Agent (CA): An molecule or complex which increases contrast capabilities 
of MRI.  This is done, firstly, by targeting particular organs, tissues, vasculature or cells.  
Secondly, increasing proton relaxation allows differentiation between protons in body 
environments with different temperatures, pH, higher and lower concentrations of protons and 
other factors. Gd CA‟s are used to increase the longitudinal (T1) relaxation rate.  CA‟s of a 
different sort (Mn II CA‟s) are used to increase the transverse (T2) relaxation time.  Contrast 
agents are also used in X-ray Diffraction.   
2. Dipolar Coupling of the Zero Field Splitting (S
.
D
.
S): This D, the dipolar coupling, is 
a 3X3 matrix describing the interaction of the electron spins with the electric quadropole of the 
spin center (in this case, Gd III).  The D matrix can also be expressed in terms of 5 Stevens‟ 
operators and constants.  The Stevens‟ operators can be described by spherical harmonics.  The 
constants associated with the operators are b2
-2
, b2
-1
, b2
0
, b2
1
, b2
2
.  The five terms of the ZFS can 
be reduced at certain orientations to two terms: D = b2
0
, representing the axial component of the 
ZFS, and E = (1/3)b2
2
, representing the rhombicity of the ZFS.  This is equivalent to 
diagonalizing the 3X3 matrix, so they can also be expressed as Dzz, Dxx, and Dyy.  The principal 
values of D along certain axes can be related to D and E by the equations D = 3Dzz/2 and E = 
(Dyy – Dxx)/2.     
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3.  Electron paramagnetic resonance (EPR): EPR is a technique in which a magnetic 
field is varied over time against a fixed microwave frequency.  A sample is placed in a cavity 
tuned to the frequency to create a standing wave.  The energy level splitting(s) created by the 
electronic Zeeman effect are measured by the absorption of microwave power during the 
transitions.  In pulsed EPR, a series of frequency pulses are used with a varied magnetic field.  
Typical frequencies used include LBand (1 GHz), X Band (9.5 GHz), QBand (34 GHz), and W 
Band (95 GHz or higher).  At higher frequency, the Zeeman interaction dominates over ZFS.  
The splitting between peaks increases, and the center line (Zeeman) sharpens and dominates the 
spectrum.   
3.  Electron correlation time: This is the time required for the adjustment of electronic 
motion to the instantaneous positions of all the electrons in a molecular entity. 
4. Electron Spin Relaxation Time: This is the time for an electron to lose spin 
alignment information in a magnetic field. 
5.   Inner sphere water molecule:  This water molecule is directly (but loosely) 
hydrogen-bound to the Gd III of the CA in Gd CA‟s.  It is most affected by the overlap of the Gd 
III electronic wavefunction with the proton wavefunction.   
6.  Incomplete powdering or graining: Ideally, a powder of a crystal has not effective 
orientational information; it is statistically averaged over all orientations.  In practice, powders 
have some significant crystalline components, which give rise to peaks.  This is especially true 
near the center line.  
7. Magnetic Resonance Imaging (MRI): MRI is a technique in which a static (time-
independent) magnetic field is varied across a person (or other object) and radiofrequency is 
varied over time.  This effectively magnetically divides the person into slices to create an image 
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from the magnetic spin interaction of protons with the induced field (imaging using NMR).  Both 
T1 and T2 weighted images are used.   
8.  Nuclear Magnetic Resonance (NMR): NMR (continuous) is a technique in which 
frequency is varied against a static magnetic field over a sample with unpaired neutrons and/or 
protons. The energy level splitting(s) created by the nuclear Zeeman effect are measured by the 
absorption of radio wave power during the transitions.  In pulsed NMR, a series of frequency 
pulses is used rather than a varied frequency.  Proton NMR is the most common type, but 
2
H, 
13
C, 
15
N, and 
17
O NMR (among others) are also used.  In NMR D, dispersion rather than 
absorption is measured.   
9.  Nuclear (Electronic) Zeeman Effect: It is the breaking of the degeneracy of the 
protons and/or neutrons of nuclei in the sample by an applied magnetic field.  (Electronic 
degeneracy is similarly broken). 
10.  Outer Sphere Water Molecules: The outer sphere waters are indirectly affected by 
the CA through multiple hydrogen bonds and diffusion.     
11. Proton Relaxation Time: The time it takes for a proton to lose spin alignment 
information in a magnetic field.  The strong nonlocal or dipolar interaction between the Gd III 
and the inner sphere proton (the proton on the water molecule directly hydrogen-bound to Gd III) 
creates longer spin-lattice relaxation of the proton in a static magnetic field and thus changes the 
MRI „picture‟ of the water molecule protons; the difference between these images allows greater 
clarity of differences in temperature and water density in various tissues, which allows better 
imaging of various diseases, cancers, and malformations in the body and brain. 
12.  Quartic Coupling of the ZFS (S
.
Q
.
S):  The Q is a 5X5 matrix describing the 
interaction of the electron spins with the magnetic octopole of the spin center (Gd III).  The 
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matrix is not easily diagonalized.  It can be described in terms of nine Stevens‟ operators and 
related constants.  The constants associated with the operators are b4
-4
, b4
-3
, b4
-2
, b4
-1
, b4
0
, b4
1
, b4
2
, 
b4
3
, b4
4
.  The Stevens‟ operators used in this work can be described in terms of spherical 
harmonics.  The quartic terms can have strong effects on peak position of the outer peaks.  This 
can be seen in Fig. 1.4 in which the comparison of crystal spectral simulations with very low 
linewidth (2 G) is shown.  The D, E, and g matrix are taken from Gd DOTA simulations in this 
work.  The outer peaks (Dxx and Dyy) show significant changes in position with each of the nine 
quartic terms set from 0 to 1 MHz. 
13. Residence lifetime: This is the time a particular water molecule (the inner sphere 
water) interacts through hydrogen-bonding with the Gd III center.  For a MRI CA, it must be 
long enough for the magnetic field of the Gd III to effect the magnetic field of the proton which 
then increases the proton spin relaxation time and the contrast.  It also must be short enough (not 
bound) that other waters may become the inner sphere water molecule and be effected by the Gd 
III center.     
14. Second-sphere water molecules: The second sphere waters are the waters hydrogen-
bound to the inner-sphere water or to the CA.  In Gd-CA‟s, this would be to carboxylic acid 
groups.  The relaxation times of protons of these waters are affected indirectly by the Gd-CA.    
15.  Static ZFS: The static ZFS in Gd CA‟s is due to the distortions from octahedral 
symmetry of the electronic structure caused by the bonding of the chelate to the Gd III. 
16. Transient ZFS: The transient ZFS is a series of modulations of the static ZFS over 
time caused by the rotational, vibrational and translational motions of the chelate and inner and 
second sphere water molecules.   
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17. Zeeman Interaction (nuclear or electronic): The B
.
I or B
.
S Zeeman interaction 
represents the interaction of an induced external magnetic field with the internal field of a spin 
center (ex. 
1
H or Gd III).  This interaction breaks the degeneracy of the system(s) of spin centers, 
so an almost equal number of spins align with and against the induced magnetic field.  A slight 
(~10
-9
) excess of spins aligns with the magnetic field.  This excess of spins allows measurement 
of the energetic splitting created by the magnetic field by a frequency (radio or microwave) 
called the Larmor (nuclear or electronic) frequency of the transition through an NMR or EPR 
experiment. 
18. Zero field splitting (ZFS): ZFS in this book refers to all field-independent terms, 
including S
2
, S
4
, and S
6
.  The first two are defined elsewhere in this glossary as the dipolar and 
quartic couplings, because they are especially important to this work.  In general, ZFS represents 
the magnetic interaction of the free electrons in a molecule or atom with the other free electrons 
and the electronic configuration of the molecule or atom.  Thus, even without a magnetic field 
applied, the degeneracy of the system is still broken and a split signal arises.  This splitting can 
continue to exist at higher magnetic fields depending on the strength of the ZFS interactions.  
The ZFS splitting can tell us much about the electronic configuration of a molecule or atom; 
moreover, it can show changes in molecular electronic structure due to interaction of the ligand 
with the electronic wavefunctions of the species (ex. Gd III).  The figure below shows the 
interaction of the ZFS (low field) and Zeeman (high field) in Gd III DOTA.   
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Fig. 1.3: Gd III DOTA energy levels show the splitting grow and become more 
ordered with increasing magnetic field.  This was made with eprnmr from the Weil 
group. 
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Fig. 1.4: The red simulation has the D and E values from the 2 plane crystal 
simulations of Gd DOTA later in this work.  It has no quartic terms and has a very 
low intrinsic linewidth of 2 G to show the peak position more clearly.  The green 
simulation has the same parameters except the quartic terms are each set to 1 MHz.  
Even this small value has a very strong effect on peak position of the outer peaks.  
This was made with eprnmr from the Weil group. 
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2. Various Contrast Agents: 
Gd BOPTA is 2-[carboxymethyl-[2-[2-[carboxymethyl-(2-oxido-2-
oxoethyl)amino]ethyl-(2-oxido-2-oxoethyl)amino]ethyl]amino]-3-phenylmethoxypropanoate 
(2R,3R,4R,5S)-6-methylaminohexane-1,2,3,4,5-pentol Gd III. 
 Gd DOTA is Gd 2- [4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododec-1-yl] acetic 
acid.  Gd-BT-DO3A is Gd tris(carboxymethyl)-10-(1-(hydroxymethyl)-2,3-dihydroxypropyl)-
1,4,7,10-tetraazacyclododecane.  Gd-HP-DO3A is Gd 1,4,7-triscarboxymethyl-1,4,7,10-
tetraazacyclododecane.  Both ligands are based in design on DOTA.   
Gd DTPA is Gd diethylene triamine pentaacetic acid.  Gd-DTPA-BMA is Gd DTPA 
bismethylamide; the ligand is a derivative of DTPA.  Gd DTPA-BMEA is another derivative, Gd 
DTPA bismethoxyethylamide. 
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Chapter 2.  EPR of Dilute Crystals and 
Powders of 
Gd DTPA and Gd DOTA 
A. Background: 
 This background will include: a discussion of the research that led to my projects, 
the relationship of the background to my work, the reasons for interest in the main background 
research, and the connection between these projects and future research and applications related 
to these projects. The basis for this project rests in Hoon Kang‟s work on rotational dynamics of 
MRI CA‟s12.  He begins his work with a description of the research on MRI CA‟s, particularly 
focusing on Gd CA‟s.     
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1. Relaxation Effects 
a. Soloman-Bloembergen Equations:    
 Since Hoon Kang‟s research12 and the questions it raised are the basis for much of the 
work presented here, we will follow the theoretical basis for his work to the results he achieved 
as they impact the present work.  First, we will consider the original Solomon-Bloembergen 
equations describing inner-sphere relaxation
22
.  (We consider this paper and its references).     
Eq. 2.1
22 
1/T1 = {[M]/[Mp]}{q/(T1M + M)} 
Eq. 2.2
22 
1/T1M (dipolar) = {(2/5)l
2
g
2
S(S + 1)2/r6}{7c/(1 + s
2c
2
) + 3c/(1 + l
2c
2
) 
Eq. 2.3
22 
1/T1M (contact) = (2/3)S(S + 1)(s/h){e/(1 + s
2c
2
) 
Eq. 2.4
22 
1/C = 1/R + 1/M + 1/S 
Eq. 2.5
22 
1/e = 1/M + 1/S 
 Inner-sphere relaxation describes the interaction between the metal ion (Gd III) and the 
water directly hydrogen-bonded to it.  Here, the [M] is the concentration of the metal ion, [Mp] is 
the concentration of water (55.6 mol/L), q is the number of waters directly coordinated to the 
metal ion, 1 is the proton gyromagnetic ratio, and g is the electronic g factor.  S is the total 
electron spin, β is the Bohr magneton, and r is the distance between the proton and the 
paramagnetic metal.  sand l are the electron and nuclear Larmor frequencies, AS is the 
electron-nuclear hyperfine coupling constant, and T1M is the relaxation time of the inner-sphere 
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protons.  T1 is the proton longitudinal relaxation time.  The correlation times e and care based 
on the following times.  sis the electronic correlation time of the metal ion (directly related to 
electronic relaxation time), M is the residence lifetime of the bound protons; andR is the 
rotational correlation time for the metal-proton complex.   
 The same equations describe second sphere proton interaction except that the contact 
term becomes negligible and the r is larger, which significantly weakens the second-sphere 
interaction with the CA due to the 1/r
6
 dependence of the dipolar term.  The outer-sphere proton 
relaxation comes from rotational or translational proton diffusion, a much weaker interaction 
with the CA.  Thus, inner-sphere interactions are most influenced by the particular CA used.  
The inner sphere relaxation time is mainly determined by three times, the rotational correlation 
time, the metal ion electronic correlation time, and the resident lifetime of the inner sphere 
protons.   
 In general, longer times mean a shorter proton relaxation time and higher rate of proton 
relaxation.  This leads to greater contrast in MRI.  In particular, the shortest of these three times 
is the greatest determinant of the proton relaxation time.  The rotational correlation time has been 
increased by increasing the size of the CA through attaching carbon side-chains to the acid 
groups of Gd DTPA or Gd DOTA or through binding of CA‟s to macromolecules. The resident 
lifetime could potentially be manipulated through creating CA‟s with a stronger, more kinetically 
stable hydrogen bond with water molecules; however, too long a resident lifetime would not 
allow enough protons to interact with the Gd III center.   
 For typical Gd CA‟s bound to macromolecules, the electron relaxation time is now the 
limiting factor in increasing proton relaxation.  The electron relaxation time could be adjusted 
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through changes in the structure of the ligand, if EPR revealed the structural features, which 
controlled and reduced electron relaxation time.    
b. Gd III   
 Gd III forms relatively stable chelated CAs with up to nine coordination sites. It has a 
4
f7 
electronic configuration and is in a 
8
S7/2 state.  Gd III has a very large permanent, magnetic 
dipole moment created by the seven unpaired electrons.  All lanthanide ions have spin-orbit 
coupling, which generally creates significant orbital angular momentum.  This leads to other 
electronic spin relaxation mechanisms and shorter electronic relaxation time.  For instance, Dy 
III and Ho III have higher magnetic moments due to a large orbital angular momentum 
contribution
23
.   
 Unlike other lanthanides, Gd III is an S state ion, so the effect of spin-orbit coupling is 
minimal.  Gd III has an S state electron, which symmetrizes the other electrons; this causes all 
orbital contributions to be cancelled to zero.  Thus, Gd III chelates have electronic relaxation 
times as high as 10
-8
 to 10
-9
 s compared to 10
-12
 to 10
-13
 for lanthanide ions Ho III, Dy III, Tb III, 
and Yb III
24
.  The symmetry of the electronic state of Gd III can cause different relaxation 
mechanisms; however, the metal-chelate bonding causes distortions in the electronic 
wavefunctions.  These distortions break the degeneracy (symmetry) of the molecular electronic 
structure of the Gd III.  This same static ZFS gives rise to an EPR signal at low or no field and 
becomes the main relaxation mechanism for Gd III ions.  As the static ZFS rises, the proton 
relaxation effect of the Gd CA decreases.  The symmetry of the chelate surrounding the metal is 
directly related to the symmetry of the electrons surrounding the metal ion.   
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c. Electron Relaxation Time and ZFS: 
 For low magnetic fields, such as those used in MRI (0.3 to 1.5 T), long longitudinal 
electron relaxation time (T1e) increases metal ion electronic correlation time and is therefore 
directly correlated to higher proton relaxation.  ZFS can be discussed as static ZFS, the 
permanent deviation from octahedral symmetry, and transient ZFS, the modulation of ZFS 
caused by the Gd chelate collisions with water molecules.  The static ZFS is due to the chelating 
agent breaking the octahedral symmetry of the Gd III ion and is thus observable in aqueous 
solution, frozen glasses and ground dilute crystals.  The transient ZFS is only observable in 
aqueous solution due to the lack of collisions in glasses and ground, dilute crystals, whether 
well-ordered or not.  Any Brownian motion in these systems is at such a slow time-scale that it 
may affect strain in ZFS terms, but will not give rise to transient ZFS; this is contrary to the 
description of Merbach et. al
25
.  The following equations describe the electron relaxation
22
: 
Eq. 2.6
22 
SO = 1/(12
v)  
Eq. 2.7
22
  
1/S = (2/50)
v{4S(S + 1) – 3}{1/(1 + s
2c
2
) + 4/(1 + 4s
2c
2
)}  
Eq. 2.8
22 
1/S = 1/(5SO){1/(1 + s
2c
2
) + 4/(1 + 4s
2c
2
)} 
 The 2 (MHz)2 is the trace of the square of the ZFS tensor (MHz), while the v is the 
inverse of the modulation frequency of the transient ZFS.  The SO is the electronic relaxation 
time at zero field for the Gd III (spin 7/2) system.  The Larmor frequencies are also in MHz; this 
allows units to cancel.  S = 7/2 for Gd III, which is substituted in the second half of the equation.  
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Both static and transient ZFS are described in this equation.  The electronic relaxation time is 
proportional to the trace of the square of the static ZFS.   
 At svthe electronic relaxation time is inversely proportional to the modulation 
frequency of the transient ZFS; therefore, increased transient ZFS gives rise to longer electronic 
correlation times.  In the range sv to s = v, the electronic relaxation time is 
proportional to the modulation frequency of the transient ZFS; therefore, increased transient ZFS 
gives rise to shorter electronic correlation times.  In the range sv to sv, the 
relationship becomes more complex.  Depending on the relationship of the modulation frequency 
of the transient ZFS to the Larmor frequency, the transient ZFS can have different effects.  This 
complex relationship cannot be studied clearly without very good values for the static ZFS and 
the electronic relaxation time of the system.   
 All chelates used for Gd III CA‟s break the degeneracy of the Gd III electronic 
wavefunctions which gives rise to a static ZFS; Gd III even seems to bond better in non-
octahedral environments.  Modulations to static ZFS may be due to rotational, collisional and 
vibrational motion, giving rise to different correlation times (v).  Theories by Rast et al.
16,26
 
describe the static and transient ZFS in effecting the electron relaxation.  If better static ZFS 
measurements are made, it should be possible to determine transient ZFS more accurately.   
 The terms of the ZFS effectively measure the distortions of the wavefunctions caused by 
the ligand bonds to the Gd III, so although the molecular electronic configuration remains the 
same, the effective molecular electronic structure changes.  This explains why different CA‟s 
have different electronic correlation times which give rise to different proton relaxation times in 
MRI.  Accurately determined terms of the ZFS could be used to discuss structural differences in 
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the ligands of CA‟s effecting electronic correlation times (v) associated with various motional 
processes and thus proton relaxivity.  
d. Chosen Gd-ligand and CA systems: 
Gd DTPA, Gd DOTA, and Gd EDTA were the chosen complexes. The first two are CAs 
with a long history of use under the trademarked names Magnevist and Dotarem, respectively; 
EDTA is an interesting complexing agent with certain qualities like the contrast agents.  EDTA 
has only one sodium ion and 4 carboxylic acid groups in its Gd III salt, like the DOTA complex, 
but its ligands are more disordered like DTPA.  It would be linear rather than macrocyclic CA if 
used; however, the gadolinium salt is not thermodynamically stable enough at body pH. Gd 
EDTA could provide an interesting comparison to DOTA and DTPA complexes considering its 
similarities to both systems.  Other contrast agents, like DO3A, have long nonpolar side chains 
or, like DOTAP, are extraordinarily expensive for such large-scale experiments. 
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2. EPR of Contrast Agents: 
EPR is a useful tool in studying the electronic structure, rotational dynamics, relaxation 
times and paramagnetic properties of Gd CA‟s.   EPR has been used to study the relaxivity of 
macromolecular complexes of Gd III chelates including Gd DTPA as contrast agents
27,28
, to 
study the zero field splitting of Gd DTPA and DOTA
29
, to study water exchange of a protein 
attached to a Gd DTPA marker through a lysine complex
30
, and to measure local oxygen 
permeability across multilamellar liposomes using Gd III complexes
31
 and in various similar and 
other applications since then.  Particularly, it has been shown that EPR is useful in studying 
rotational dynamics of MRI contrast agents such as Gd III complexes
31
.   
Multifrequency, variable temperature EPR study of Gd DTPA crystal and powder spectra 
has its roots in the research of Hoon Kang and others in the Belford and Clarkson groups.  Much 
of this discussion will thus focus on his work.  Hoon Kang
12
 decided to obtain ZFS data by 
multifrequency (1.5 GHz, 9.5 GHz, 35 GHz) frozen solution powder spectral simulations using 
diagonalization of the spin Hamiltonian.   
Zero field splitting (ZFS) represents the magnetic interaction of the unpaired electrons in 
a molecule or atom with each other and the electronic configuration of the molecule or atom.  
Thus, even without a magnetic field applied, the degeneracy of the system is still broken and an 
energetic splitting arises.  This splitting can continue to exist at higher magnetic fields depending 
on the strength of the ZFS interactions.  The ZFS splitting can tell us much about the electronic 
configuration of a molecule or atom.  Moreover, it can show changes in molecular electronic 
structure due to interaction of the ligand with the electronic wavefunctions of the Gd III.  There 
are both static and transient ZFS present in aqueous solutions of CA‟s, such as the human body 
when an MRI is taken.  The static and transient components are assumed to be of the same order 
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of magnitude, so it is difficult to design experiments to measure either accurately in aqueous 
solution.   
Hoon Kang
12
 compared these frozen solution results to the static ZFS calculated from a 
curve of the dynamic frequency shift, geff – gintrinsic.  He used multifrequency (9.5, 34, 94, and 
249 GHz), room temperature spectra of Gd DTPA and Gd DOTA.  The dynamic frequency shift 
is inversely proportional to the frequency.  In the high field limit, the true g value is observed, 
but at lower frequencies, a isotropic pseudo-g effect is observed.  In the room temperature 
spectra, the 1/2 to -1/2 transition dominates the spectrum and includes effectively the entire 
observable ZFS. Therefore the full Hamiltonian is not used; instead a fictitious Hamiltonian 
describing only the 1/2 to –1/2 transition is used.  Then the static ZFS contribution is effectively 
folded into this fictitious Hamiltonian.  The Zeeman effect is larger than the static ZFS over the 
range of frequencies studied, so the effect of the static ZFS on the g shift becomes a 
perturbation
12
.   
  Thus, the second order effect of the static ZFS on the 1/2 to –1/2 transition is observed 
as a perturbation on the change in geff with frequency caused by the Zeeman effect.  This is 
particularly valid if the intrinsic g is near 2, which is true in the case of Gd III.  The 
multifrequency experiment also allows the intrinsic g to be calculated from high frequency 
spectra for the complexes; therefore, the only unknown is the static ZFS.  
The transient ZFS is not observed in the perturbation of the g shift.  Also, no information 
on D and E or other terms of the ZFS is observable.  Only the trace of the square of the ZFS is 
observed in its perturbational effect on the g shift.  So, the isotropic g shift changes inversely 
with frequency.  This allowed Kang to plot and calculate the g shift from the effective g factors.  
The strength of this modulation is directly related to the ratio of ZFS to Zeeman splitting.   
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A limited number of points (3-4) were used; considering the very small changes in g at 
high frequency in the method, the lack of the 9.5 GHz value for Gd DTPA is problematic.  The 
linewidths, ranging from 13 to 83 G, were also large compared to the g shifts measured between 
frequencies (0.01 g factor or less), creating statistical problems in measuring the change in g 
value.  The linewidths also changed with frequency due to changes in the transient ZFS.     
This also brings into question the use of the linewidths to calculate the ‟s and derive the 
transient ZFS.  First Kang
12
 claims that the longitudinal and transverse electronic relaxation 
times are dependent on the static ZFS and the modulations associated with various motions 
(rotational, translational, and vibrational) with their respective ‟s.  Then he implies that since 
the longitudinal and transverse relaxation times are approximately equal in some systems, they 
are likely to be close in other systems (such as Gd DTPA and Gd DOTA).   They are probably 
within an order of magnitude for most systems, but no more accurate than that.  Then he used a 
fixed static ZFS to calculate the transient ZFS by assuming that the change in linewidth with 
variable frequency was entirely due to the transient ZFS using multiple theories.   
The accuracy of the fixed static ZFS is the other problem in this experiment.  He then 
compared it to results from Rast et al.
26
   According to simulations of the absorption spectrum of 
Gd DOTA at X Band at 274 K by Rast el al.
26
 incorporating both static and transient ZFS, the 
magnitudes of the static and transient ZFS are relatively close.  There are likely to be ‟s 
associated with each vibrational, rotational and translational modes, giving rise to distinct 
modulations of the static zero field splitting.  Since there are so many possible transient ZFS 
modes, it seems unlikely that simulations of one absorption spectrum could yield more than an 
order of magnitude approximation for transient ZFS.   Therefore both results are only valid to an 
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order of magnitude.  Also, the static ZFS interferes with the intrinsic g value and therefore must 
modulate the intrinsic linewidth.   
Since the transient and static ZFS are assumed to be of the same order of magnitude in 
Kang‟s work (and other work) for aqueous Gd DTPA and Gd DOTA, this brings into question 
whether either can be determined separately from the other using measurements (linewidth, g 
shift with frequency) which inherently are interdependentf the static ZFS were assumed to be 
the dominant ZFS effect, it could be measured; that is, a g shift with a change in frequency due 
to changes in the static ZFS to Zeeman ratio would be significant and would effect measured 
linewidths, but the intrinsic linewidth due to transient ZFS would be an insignificant effect on the 
g factor.     
A multitemperature experiment with an appropriate consideration of the change of the 
ratio of transient to static ZFS with increased Brownian motion might resolve this issue.  
Particularly, the framework described by Rast and Fries
26
 for Monte Carlo simulations beyond 
the Redfield limit could be used as a starting point to create a theory for simultaneously varying 
temperature and frequency in multispectra simulations.   
In fact, Rast and Borel
16
 built their own simulation program using EISPACK (Fortran), 
taking account of the S
4
 and S
6
 terms of the static crystal field, the transient ZFS, Brownian 
rotational motion of room temperature spectra, correlation times, activation energies, and g 
factors.  They collected multifrequency (9.42, 75, 125, 250 GHz), multitemperature (0-100 
o
C) 
spectra
16
.  They then extracted approximate values of peak-to-peak distances and central fields 
(geff).  A single Lorentzian line and corresponding dispersion part were used to fit each spectrum 
in order to extract these values.  This fit the Gd III
.
8H2 O very well, but fit the Gd DOTA less 
well
16
.  This led them to adjust all parameters describes above simultaneously for non-phase 
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adjusted spectra
16
.  They then fit the EPR g shifts and peak-to-peak distances with their 
simulation pack
16
.   
They were able to determine the S
4
 and S
6
 terms of the static crystal field for the free Gd 
III, but not for the Gd DOTA.  The S
4
 were particularly consequential in their research of free Gd 
III, but were negligable for the Gd DOTA complex.  The g values used in the simulation had a 
very strong effect on the fitting of the other parameters, even for the free Gd III ion.  Still, the 
minimization resulted in very good fits, as shown in the paper for the free Gd III ion.  The 
minimization error was not significantly larger for the Gd DOTA, whose fits are not shown.    
This is impressive work.  Some other similar experiments have been attempted, but have yielded 
poor data
32,33
. 
The ∆ value determined was 560 MHz16; for comparison, = (2/3)1/2(D2 + 3E2)1/2  This 
seems reasonable as an order of magnitude; however, it is clear that the static ZFS and its terms 
must be determined independently of other parameters.  Even very good fits of many relatively 
smooth EPR lineshapes create questions when so many parameters (9 independent) are varied 
and small variances in the intrinsic g affect other parameters strongly.  Borel et al. later 
simultaneously fitted O
17
 NMR, EPR, and proton NMR of Gd DOTA
48
, but the need for 
independently determined ZFS still persists.  
In this vein, viscosity of solution could also be varied using Hoon Kang‟s work12 as a 
basis for more exact measurements.  The key would be very exact measurements of the 
temperature (and/or viscosity) of the sample, so that the curve describing the relationship 
between Brownian motion, the transient and static ZFS and other terms would be an overdefined 
matrix.   
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  The other problems are determining the relationship of the longitudinal to the transverse 
relaxation time as it changes with frequency and temperature and the exact static ZFS. Transient 
ZFS could also be directly measured if the fine structure due to the static and transient ZFS could 
be viewed clearly.  This would allow observance of broadening of the fine structure due to 
increased motion; however, this is a difficult observation to obtain.  Still, the present work 
addresses one of these problems: acquiring an accurate value for the static ZFS.  Moreover, the 
trace of the square of the static ZFS affects the electronic correlation time, whereas only the 
modulation time of the transient ZFS affects the electronic correlation time. 
We can measure a reasonable approximation of the static ZFS of aqueous Gd CA‟s: an 
actual powder spectra from dilute ground single crystals.  If the crystals are properly ground into 
a fine powder, so there is little clumping or nonrandom ordering of the particles, they should be 
good approximations of the solution spectrum.  One concern would be that the crystal structure 
would not retain perfect order during the process of creating the powder and running the spectra.  
Another is that the molecular electronic structure in the crystal is not the same as in solution. 
Recent work by Merbach et al.
25 
comparing frozen solution spectra to powder spectra 
claims that the powder spectra are completely unreliable.  The powders were formed by 
lyophilizing solutions using a SpeedVac; unfortunately, this will pull off waters of hydration, 
resulting in a dehydrated powder rather than the ordered, structured hydrated powder.  This 
would likely account for the large strain found in D and E and the disagreement with frozen 
solution spectra (glasses).  The only way to preserve structural information and prevent strain in 
D and E is to form the crystal, which gives an added advantage of allowing the researcher to 
rotate the crystal about two measured angles to find D, E and higher order ZFS terms more 
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precisely.  The simulations were determined using a high frequency (240 GHz) instrument at 4 K 
spectrum and then compared to X and Q Band spectra at 160 K.   
The frozen solution spectra of either Merbach et al.
25
 or Kang
12
 are not simultaneously 
well fitted.  The frozen solution spectra may have had physical defects or in other ways be an 
inappropriate simulation of a powder spectrum; however, powder spectra from different crystals 
may have strain, which introduces other ZFS terms and/or changes the D/E ratio. Powder spectra 
calculations would be expected to verify and match the Merbach et al. and Kang results to within 
an order of magnitude and have significantly less D and E strain than the strained and disordered 
environments of glasses or dehydrated powders.   
This brings up the question: can we resolve the peculiarities in Hoon Kang‟s frozen 
spectra data and analysis through experiments on well-characterized dilute single crystals and 
their powders?  Eu
3+
 DTPA was used because of its chemical similarity and comparable size to 
Gd
3+
 DTPA.  Eu
3+
 is a 4f
6
 electronic state, whereas Gd
3+
 has a 4f
7
 electronic state.  The Gd III 
valence shell is a Kramer‟s system, which gives strong EPR signals.  Eu III is a non-Kramer‟s 
system, which generally give broad undetectable lines.    
Table 2.1: Kang
12’s D and E frozen solution values 
Gd (III) Complex  D (frozen solution) E (frozen solution) 
Gd DOTA (MHz) 490 150 
Gd DTPA (MHz) 1276 348 
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Table 2.2 (Merbach
26
 et. al.): Frozen solution and Powder D and E 
 Frozen solution Frozen solution Dehydrated 
powder 
Dehydrated 
powder 
Gd (III) Complex D  E D E 
Gd DOTA (MHz) -570 0 900 180 
Gd DTPA (MHz) 1440 390 -870 120 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. ZFS Terms of the Hamiltonian and Crystal Structure:  
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Various terms of the Hamiltonian may be included to fit powder and crystal spectra of 
dilute crystal systems of single paramagnetic species including BS, S
2
, BS
3
, S
4
, BS
5
, and S
6
 
terms.  Here, B represents magnetic field and S the spin of the paramagnetic complex.  
Depending on the symmetry, all or some of these „even‟ terms may be allowed.  All „odd‟ terms, 
which contain an odd total number of B and S factors, are disallowed.  Each magnetic field must 
operate on another magnetic field, either external or from a spin.  The lower order terms are 
generally much stronger when allowed by symmetry.  The BS term is the Zeeman term which 
gives rise in powder EPR spectra to the main 1/2 to -1/2 transition.   
The S
.
S is the dipolar coupling, which gives rise to two effects, the dipolar ZFS term and 
the dipolar spin-spin interaction.  This spin-spin interaction between two Gd III centers creates 
concentration broadening of EPR spectra.  In vivo use of Gd CA‟s is at very dilute 
concentrations, so spin-spin interactions are not accounted for in the equations describing the 
effect of CA‟s on proton relaxation.  The dilute concentrations used in these experiments prevent 
significant concentration broadening.   
The dipolar ZFS term (S
.
D
.
S) describes the interaction of the Gd III magnetic field with 
the electronic spins of the Gd III through an 8X8 S
.
D
.
S matrix.  This matrix can be described in 
one orientation in terms of D and E.  D, 3* b2
0
, represents the separation of transitions, whereas 
E, b2
2
, represents the axial or rhombic distortion of the magnetic field in the molecular electronic 
structure.  Table 2.3 shows the Hermitian D matrix.  The D0, D1 and D2 terms are defined. 
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Table 2.3 8×8 S
.
D
.
S matrix for Gd III 
8
S7/2
 
D0 D1 D2      
D-1 D0 D1 D2     
D-2 D-1 D0 D1 D2    
 D-2 D-1 D0 D1 D2   
  D-2 D-1 D0 D1 D2  
   D-2 D-1 D0 D1 D2 
    D-2 D-1 D0 D1 
     D-2 D-1 D0 
Eq. 2.9
34
: 
D0 = b2
0
[(3Sz – S(S + 1)]        
Eq. 2.10
34
: 
D1 = [b2
1
/2][(SzS+ + S+Sz] - i[b2
-1
/2][(SzS+ + S+Sz]   
Eq. 2.11
34
: 
D2 = [b2
2
/2][S+S+] - i[b2
-2
/2][S+S+] 
    This manifests itself in differences between D in different directions.  The following 
equations, D = 3Dzz/2 and E = (Dyy – Dxx)/2, hold for systems which have been orthogonalized to 
Dzz = Dyy + Dxx.  For the rhombic extreme, E = D/3, Dxx = 0 and Dzz = Dyy.  For the axial 
extreme, E = 0, Dxx =  -Dyy and Dzz =  -Dyy/2.  These ZFS parameters adequately describe most 
systems, but higher order ZFS and field-dependent terms are necessary to describe some 
systems.   
Particularly, BS
3 
and BS
5
 increase the splittings between the Dxx and Dyy peaks 
asymmetrically with increasing magnetic field.  S
4
and S
6
 terms increase the splittings between 
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Dxx and Dyy peaks symmetrically across the increasing field.  S
4
 contains nine terms, b4
4
, b4
3
, b4
2
, 
b4
1
, b4
0
, b4
-1
 b4
-2
 b4
-3
, and b4
-4
.  These nine terms represent the interaction of the magnetic field of 
the Gd III center with its electrons.  The S
4 
can also be described as a 8X8 S
4
 matrix for Gd III as 
seen in Table 2.4 below. 
Table 2.4 8×8 S
.
Q
.
S matrix for Gd III 
8
S7/2 
Q0 Q1 Q2 Q3 Q4    
Q-1 Q0 Q1 Q2 Q3 Q4   
Q-2 Q-1 Q0 Q1 Q2 Q3 Q4  
Q-3 Q-2 Q-1 Q0 Q1 Q2 Q3 Q4 
Q-4 Q-3 Q-2 Q-1 Q0 Q1 Q2 Q3 
 Q-4 Q-3 Q-2 Q-1 Q0 Q1 Q2 
  Q-4 Q-3 Q-2 Q-1 Q0 Q1 
   Q-4 Q-3 Q-2 Q-1 Q0 
Eq. 2.12
34
: 
Q0 = [b4
0
][35Sz
4
 – {30S(S + 1) – 2S}Sz
2
 + 3{S(S + 1)}
2
 -6(S)(S + 1)]  
Eq. 2.13
34
: 
Q1 = [b4
1
/2][{7Sz
3
 – 3(S(S + 1) + 1)Sz}S+ + S+{7Sz
3
 – 3(S(S + 1) + 1)Sz}]  
- i[b4
-1
/2][{7Sz
3
 – 3(S(S + 1) + 1)Sz}S+ + S+{7Sz
3
 – 3(S(S + 1) + 1)Sz}] 
Eq. 2.14
34
: 
Q2 = [b4
2
/2][{7Sz
2
 – S(S + 1) - 5}S+
2
 + S+
2
{7Sz
2
 – S(S + 1) - 5}]  
- i[b4
-2
/2][{7Sz
2
 – S(S + 1) - 5}S+
2
 + S+
2
{7Sz
2
 – S(S + 1) - 5}]  
Eq. 2.15
34
: 
Q3 = [b4
3
/2][Sz S+
3
 + S+
3
Sz] - i[b4
-3
/2][Sz S+
3
 + S+
3
Sz] 
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Eq. 2.16
34
: 
Q4 = [b4
4
/2][S+
4
] - i[b4
-4
/2][S+
4
] 
Quartic or S
4
 ZFS terms in the Hamiltonian are used to fit the dilute powders and 
crystalline spectra of Gd DOTA and Gd DTPA.  Justification is necessary to include higher order 
terms into the Hamiltonian.  Otherwise, inappropriate use of terms may create a mathematical 
rather than scientific solution to the problem of simulation.  An overdetermined matrix can create 
perfect fits of any set of data.  In this way, some authors may use terms which do not have a clear 
historical place in the simulation of a compound or similar compound‟s ESR spectra.  Higher 
order terms must be necessary to account for peak position.  This author intends to prove both as 
prerequisites for simulation of the spectra.   
Still, quartic terms may not be obvious for a variety of reasons, including Brownian 
motional averaging in solution spectra and concentration broadening in solution, powder or 
crystal spectra.  Solution spectra studies by Rast
16
 et al. were sharp single lines.   The fine 
structure where quartic terms have the greatest affect was hidden due to strain.  In the Gd DOTA 
system, the quartic terms were necessary to fit the fine structure.  In the Gd DTPA system, the 
quartic terms may be necessary to fit the spectra properly.   
Quartic terms have a long history in the EPR of dilute gadolinium in inorganic 
compounds with cubic, tetragonal, hexagonal, trigonal, and orthorhombic or lower site symmetry 
as discussed in a review by Buckmaster et al
35
.  Here the paramagnetic metal ion centers are at 
specific locations in the unit cell, such as the vertices or the center.  For an atom at a general 
location, there is no symmetry, unless there is pseudosymmetry around the position of the atom.  
The higher order linear field dependent terms (such as BS
3
, BS
5
) for Gd systems in which they 
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have been studied tend to be very small.  Thus, they were assumed to be small in the systems 
studied in this author‟s research; however, this may or may not be a reasonable assumption. 
In the compounds with cubic symmetry, quartic terms range from 20 to 170 MHz 
whereas the S
6
 terms are at least two orders of magnitude lower.  The dipolar or spin-spin 
coupling (S
2
) is nonexistent due to high symmetry.  The S
.
A
.
I represents the hyperfine coupling 
between electronic and nuclear spins.  Here the quartic terms are dominant with an S
6 
contribution: 
Eq. 2.17
35
 
Hcubic = B
.
g
.
S + (1/60)b4(O4
0 
+5O4
4
) + (1/1260)b6(O6
0 
-21O6
4
) +S
.
A
.
I      
 Compounds with tetragonal symmetry have a more complicated Hamiltonian: 
Eq. 2:18
35
: 
Htetra = B
.
g
.
S + (1/3)b2
0
O2
0 
+ (1/60)b4
0
O4
0
+ (1/1260)b6
0
O6
0
 + (1/60)b4
4
O4
4
 + (1/1260)b6
4
O6
4
 + 
S
.
A
.
I      
Again, the lower order terms allowed by symmetry dominate the spectra due to larger constants; 
here, however, the quartic terms are significant compared to the dipolar terms ((1/3)b2
0
O2
0 
).  
Dipolar terms range from 100 to 4000 MHz, whereas quartic terms range from 4 to 70 MHz for 
the b4
0
O4
0
 term and 7 to 400 MHz for the b4
4
O4
4
 term.  
 S
6
 terms are orders of magnitude weaker than the quartic or dipolar terms for all other 
systems reported by Buckmaster et al
35
 due to small constants and smaller overlap between 
operator (magnetic field of molecular electronic system) and operand (microwave frequency) for 
this order of coupling.  They are too small to be relevant for the systems studied in this research.  
The tetragonal systems are comprised of point groups C4v, C4, C4h, S4, D4, D4h, and D2d.   
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 The hexagonal systems contain point groups C6v, C6, C6h, C3h, D6, D6h, and D3h.  This 
gives rise to quartic terms of 8-12MHz with dipolar terms of 500-600 MHz.     
The Hamiltonian for the hexagonal systems is in equation 11
35
: 
Eq. 2:19
35
: 
Hhexa = B
.
g
.
S + (1/3)b2
0
O2
0 
+ (1/60)b4
0
O4
0
+ (1/1260)b6
0
O6
0
 + (1/1260)b6
6
O6
6
 + S
.
A
.
I   
 In the trigonal systems, the Hamiltonian shows the b4
3
O4
3
 quartic term: 
Eq. 2:20
35
: 
Htriq = B
.
g
.
S + (1/3)b2
0
O2
0 
+ (1/60)b4
0
O4
0
 + (1/1260)b6
0
O6
0
 + (1/3)b4
3
O4
3
 + (1/36)b6
3
O6
3
 + 
(1/1260)b6
6
O6
6
 + S
.
A
.
I   
 Both quartic terms are still an important contribution in some systems, with dipolar coupling of 
300 to 5000 MHz and quartic coupling of 1-90 MHz ((1/60)b4
0
O4
0
) and 0-110 MHz 
((1/60)b4
3
O4
3
).  These systems include point groups of C3v, C3, C3i(S6), D3, and D3d.  Finally, for 
systems with orthorhombic symmetry, point groups are C2v, Dz, and D2h.  Lower symmetry point 
groups of monoclinic, C2, Cs, C2h, and triclinic, C1, C1I, are also included here.   
 The Hamiltonian for the orthorhombic systems is below. 
Eq. 2.21
35
: 
Hrhombic = B
.
g
.
S + (1/3)b2
0
O2
0 
+ (1/60)b4
0
O4
0 
+ (1/1260)b6
0
O6
0
 + (1/3)b2
2
O2
2
 + (1/60)b4
2
O4
2 
+ 
(1/1260)b6
2
O6
2
 + (1/60)b4
4
O4
4
 + (1/1260)b6
4
O6
4
 + (1/1260)b6
0
O6
0
 + S
.
A
.
I  
 For the monoclinic systems, the odd terms are allowed, so the dipolar term (1/3)b2
1
O2
1 
and the quartic terms (1/60)b4
1
O4
1 
and (1/60)b4
3
O4
3
 are allowed.  Each frame of reference should 
contain either the imaginary (m < 0) or the odd numbered m terms, but not both, creating three 
dipolar and five quartic terms.   
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 For triclinic systems, the dipolar terms (1/3)b2
-1
O2
-1
, (1/3)b2
-2
O2
-2
 and the quartic terms 
(1/60)b4
-1
O4
-1
, (1/60)b4
-2
O4
-2
, (1/60)b4
-3
O4
-3
, and (1/60)b4
-4
O4
-4
 are allowed as well.  The quartic 
terms for these lower symmetry systems range from 0 to 18 MHz. Quartic terms are thus seen for 
various systems within this review
35
.       
 The crystal positions of the Eu (and Gd) ions are general for crystals of both DOTA and 
DTPA.  Therefore, all nine quartic terms and all five dipolar terms are allowed in all frames of 
reference.  The EPR should reveal any pseudosymmetry associated with a particular atomic 
position of a paramagnetic ion, if the quartic terms are clearly simulated.  One way to consider 
the pseudosymmetry of the quartic terms is in terms of frames of reference.  The b4
-4,-2
 and the 
b4
-3,-1 
constants can be transformed into b4
3, 1 
constants by changing the reference frame.  Thus, 
all six terms could be viewed as trigonal pseudosymmetries along different axes.  This is one 
way to view the pseudosymmetry of the Gd DTPA and Gd DOTA systems.    The b4
0, 2, 4 
constants are indicative of a tetragonal pseudosymmetry.   
 Clearly, it is difficult to simulate the contribution of quartic coupling on a system 
dominated by dipolar coupling and the first-order field effects without curvefitting.  These nine 
terms, allowed to grow large, could simulate any number of spectral distortions.  However, one 
dilute gadolinium system shows a trigonal pseudosymmetry in the quartic terms in two reference 
frames
36
.  Therefore, it is assumed to be possible to understand the pseudosymmetry from the 
quartic terms.  
 The b2
0
 and b2
2
 constants are transformed between the reference frames, but the values of 
D and E for the system remain independent if D is defined so that D > E.  We consider 
reference frame 3, in which b2
1
 = 0, D = 3b2
0
 and E = b2
2
, since the limits of E/D are generally 0 
and 1/3.  Reference frames 1 and 3 show very strong trigonal pseudosymmetry in the b4
0
 and b4
3
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terms.  The other quartic terms are relatively weak.  There is greater overlap of the operator on 
the operand for the b4
0 
than for other quartic zero field effects. The operator here is the magnetic 
field of the molecular electronic system; the operand is the external applied field.  The zero rank 
terms represent the size of the zero field effects for each order.  Another gadolinium system 
showed a rhombic pseudosymmetry, particularly in the b4
2 
term
37
.  This quartic contribution and 
pseudosymmetry is visible in the plotted function of angle versus magnetic field of peak position 
in planes of the crystal spectra. 
 It is clear that S
6
 terms are not generally significant for systems with lower order 
symmetry than cubic, whereas quartic couplings can be significant for systems of various 
symmetries.  Also, for paramagnetic species at general positions, the quartic couplings should 
reveal pseudosymmetries around those atomic positions.   
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Table 2.5: Dilute Gd III in K2YF5 (Gd III for Y III) crystal ZFS parameters (MHz)
36
  
Terms Ref. Frame 1 Ref. Frame 2 Ref. Frame 3 
b2
2
 
558 -3400 549 
b2
1
 
761 0 0 
b2
0
 
2452 -1505 2464 
b2
-1
 
0 0 0 
b2
-2
 
0 -384 0 
b4
4
 
-57 -195 -24 
b4
3
 
-1151 0 -1136 
b4
2
 
-42 -123 -72 
b4
1
 
-66 0 -15 
b4
0
 
-51 -33 -54 
b4
-1
 
0 0 0 
b4
-2
 
0 -306 0 
b4
-3
 
0 0 0 
b4
-4
 
0 87 0 
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B. Experimental 
1. Materials and Equipment: 
Chemicals of high purity were purchased for the experiments.  Parish Chemical Co. 
provided the H4DOTA (>99% pure).  The H5DTPA (>98% pure), VOSO4 (99.99 %), 
Al(NO3)3•9H2O (99.999%), Mg(NO3)2•6H2O (99.999%), Gd2O3 (99.99% pure) and Eu2O3 (99.9 
% pure) were sourced from GFS Chemicals with MSDS and authenticating documents 
describing purity.  Other chemicals, H2SO4 (conc.) and NaOH pellets (99.9%), were already 
available in the laboratory.                               
The EPR equipment used included an 8.8-9.5 GHz (X Band) Varian E-112 spectrometer 
with a TE102 cavity, a 34.4-35.5 GHz (QBand) Varian E-115Q spectrometer, and a homemade 
(Illinois EPR Research Center) Mark II spectrometer for W Band (95 GHz).    
XRD was done by Scott Wilson and Danielle Gray at the School of Chemical Sciences 
XRD Facility at the University of Illinois.  
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2. Synthesis and Crystallization: 
a. Na2Gd0.01EuDTPA 
Formation and crystallization of Na2Gd.02Eu DTPA was accomplished.  Salts, oxides and 
DTPA were weighed on a balance.  Formation was originally carried out using europium and 
gadolinium chlorides with H5DTPA as concentrations of 1-2% Gd in Eu.  An NaOH(aq) was 
made using pellets of NaOH and deionized water.  The solution was used to adjust the < pH 1 
solution to pH 10-11 to dissolve the DTPA and form the sodium salt.  Solutions of potassium 
hydroxide were also used to adjust the pH to form the potassium salt.   
In these experiments, 0.1 M Eu DTPA doped with 0.003 M Gd DTPA mm produced 1 
mm and 2 mm length crystals.  The 2 mm crystals (which would have been useful for 9.5 GHz 
studies) were lost through fusing to other crystals in the drying process.  A 1 mm crystal was 
analyzed at 35 GHz and revealed no Gd DTPA.  Sodium and potassium chloride crystals proved 
easier to form than Gd in Eu DTPA crystals in the solutions created using gadolinium and 
europium chlorides.   
Later, adjusting the original method of Gries et al., Gd2O3 and Eu2O3 were then heated on 
a hotplate with slight excess H5DTPA under reflux in aqueous at 90-100 C to produce Gd in Eu 
DTPA
38
.  The solutions were ~ pH 2 before adjustment.  Excess H5DTPA was used because 
exact proportions necessitated filtering; these filtered solutions produced small interlocking 
crystals forming on very small particles of oxides, which leaked through the filter.   A small 
excess of DTPA had no effect otherwise on crystallization.  Again, NaOH(aq) was added to adjust 
the pH to 10-11 to create the sodium salt.   
Gries et. al.
39
 showed simple aqueous crystallization of the sodium salt of Gd in Eu 
DTPA for X-ray diffraction.  In my experiments, many aqueous solutions containing 1-2% Gd in 
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Eu DTPA were created at pH 10-11 using 0.1 to 1 M Eu III and 0.005 to 0.01 M Gd III.  They 
were placed into beakers or Petri dishes and covered with Petri dishes.  They were stored for 
days to weeks in a cool, dry laboratory.   
The complex more easily produced glasses than crystals with or without chloride ions in 
solution.  Years were spent on this project in this manner.  Movement to another laboratory in 
which many crystals had been grown was necessary to achieve Na2(Gd in Eu DTPA) crystal 
growth.  Also, beakers covered with parafilm were used to prevent glasses from forming.  
Seeding of this old laboratory combined with draftiness may have created a better environment 
for crystal growth.   
The solutions were allowed to cool uncovered at 1.0 M Eu DTPA and 0.02 M Gd DTPA 
and then were covered with parafilm and unmoved until harvesting in a few days.  Many crystals 
produced were too small, interlocking, or twinned.  The solution had to be checked each day; 
otherwise, good single large (1-2 mm) crystals would become twinned or have small 
attachments.  Lower concentrations of Na2Gd.01Eu DTPA covered with a Petri dish slowly 
evaporated, but produced very small crystals.  These solutions usually produced interlocking 
webs on the surface or glasses.  Solutions were also cross-seeded using a glass dropper.  
Productive solutions included those in Table 2.4. 
Table 2.6: Crystal Production 
Solution A B C D E F 
Crystal 
production 
High, small Low, 
1-2 mm 
High, small none none Low, 
small 
pH 7.4 8.46 9.7 9.1 9.9 7.74 
Approximate 
Volume (mL) 
15 10-15 10-15 10 10 5 
Viscosity Low/medium Medium Low/medium High Medium/high Low 
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 The best attainable pH for large crystal formation (1-2 mm) may be 8-8.5, though this has 
not been verified. Plate-like hexagonal and near-hexagonal crystals formed with flat rhombic 
crystals.  The hexagonal crystal showed a concentration of Gd III of 0.25 %, though this 
measurement was affected by the high percentage of water.  For the purpose of this paper, these 
are called the 1 % Gd in Eu DTPA, as the solution(s) from which they are prepared were 1 % in 
Gd III (99 % Eu II).  From XRD, the crystal had approximately 11 waters of hydration per 
DTPA.   
b. NaGd0.02EuDOTA 
Formation and crystallization of NaGd.02Eu DOTA was carried out.  The technique of 
Griselda et al.
40
 was adjusted by adding 2.247 g Eu2O3 (12.75 mmol Eu
3+
), 0.0401 g Gd2O3 
(0.221 mmol Gd
3+
) and 5.242 g H4DOTA (12.96 mmol) to distilled water.  The excess DOTA 
prevents oxide residue.  Aqueous sulfuric acid (7 mmol in 20 mL) was added to adjust the pH to 
2 for dissolution and complexation.  The mixture was refluxed at 368 K until the solution was 
clear.  Aqueous NaOH was added to increase the pH to 7.   
The solution was evaporated over the hotplate to .7 M; acetone was added to the hot 
solution in 3 aliquots to precipitate the Na2Gd.02Eu DOTA.  Three aqueous solutions at .7 M of 
pH 7 were then formed and covered with parafilm; 1-2 mm single crystals formed within a few 
hours.  Needle-like crystals with rhomboid points formed.  The actual dilution of Gd III in Eu III 
was around 0.85 % according to ICP, though the high percentage of water distorted the analysis. 
For the purposes of this paper these are called the 2 % Gd in Eu DOTA crystals, as the crystals 
were grown in a solution with 2 % Gd III (98 % Eu II).  From XRD, the crystal had 8 waters of 
hydration per DOTA.      
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c. NaGd.01Eu EDTA 
NaGd.01Eu EDTA was formed in a similar manner to the DOTA compound, though lower 
concentration (0.1 M) produced small rhombic crystals for powder spectra.  2.174 mmol Eu
3+
, 
0.024 mmol Gd
3+
 and 3 % excess EDTA were refluxed while pH was held at 2 by sulfuric acid 
(aqueous).  None were of the 1-2 mm range necessary for sufficient signal:noise in X or Q Band 
EPR instruments. 
d. Harvesting the crystals 
Harvesting was tricky.  The crystals were hydrates sensitive to both dehydration and 
cracking, to dissolving under humid conditions, and to slight physical pressure.  At one point, the 
researcher added a drop of deionized water into a Petri dish, placed a DTPA crystal into the dish 
and covered the dish with parafilm; the moisture dissolved the crystal rather than preserving it. 
The crystals were wiped gently with kimwipes.   
The DOTA crystals were less sensitive than the DTPA crystals.  Apiezon wax was used 
to coat both DOTA and DTPA crystals for EPR crystal and X-Ray Diffraction experiments 
within 1 minute after harvesting.  A piece of crystal was cut for both the DTPA and DOTA 
crystals to determine crystal structure.  The DTPA was a softer, platelike crystal, with the 
„plates‟ easily distorting from pressure.  Quick cuts were necessary to prevent this.  The DOTA 
crystal was slightly harder, but vulnerable to splintering along the main axis.  The crystals were 
stored on a glass microscope slide in a petri dish covered with parafilm.   
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3. EPR and XRD: 
The DTPA crystals were originally mounted on an XRD mount using Apiezon wax, but it 
was too soft to maintain orientational information during the XRD experiment, transfer to a new 
mount and EPR crystal plane experiment.   The crystal was placed onto an EPR-silent 1 cm long, 
2 mm diameter piece of plastic carbon tubing with Apiezon wax.   1-2 mm of the other end of the 
tube had been filled with a mix of 2-part epoxy.  This filled end was oriented into the XRD 
mount and allowed to harden.  XRD spectra were taken.   
A special transfer device was refurbished: it had three rectangular aluminum plates with 
holes for aluminum rods at the corners and one screwhole in the middle for a large metal screw.  
The device also contained holes for mounting an XRD mount.  A special brass piece was 
machined onto which a specially-made quartz insert (EPR mount) for the 35 GHz Varian 
instrument could be screwed.  This EPR mount is the bottom turning plate of the TE011 cavity.  
The EPR mount was screwed into the brass piece.  The brass piece was set, aligned with a mark 
and screwed into place with set screws.  The XRD mount was placed into the transfer device 
with set screws and aligned with a mark; a drop of a mix of two-part epoxy was then placed onto 
the surface of the EPR mount.  The XRD mount was slowly screwed toward the EPR mount until 
the crystal touched the surface of the epoxy.  It was allowed to set for several hours.   
The EPR mount was unscrewed and screwed onto the bottom of the cavity of the Q Band 
EPR while retaining orientational information, and the EPR spectra were then taken.  A similar 
process was used for the DOTA crystal spectra for both planes of data.  The crystal orientation 
information for the DTPA crystal was lost; also the crystal shattered during removal.  It was not 
clear that another crystal would withstand removal from the epoxy or that, if it did, the „plates‟ of 
this flat, platelike crystal would not be distorted or strained by pressure from removal.  The 
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DOTA crystal was easily removed and remounted.  Time was also a critical element at this point 
in the research.  Even with minimal symmetry (C2), it was hoped that the spectra could be 
interpreted with one plane of data.  
The magnet was rotated while the cavity and sample were fixed in space.  The angle was 
measured using a specialized goiniometer placed between the windings above the cavity.  
Spectra were taken every 5 degrees; a rotation of 180 degrees was impossible due to cords and 
hoses attached to the instrument, so a mark was put on the side of the rod and the rod was turned 
inside the instrument.  The magnet was rotated around the rod (and crystal) until the point of the 
matching spectrum was found.  This was very near the crossing point for the DTPA system 
transitions, which was somewhat confusing for analysis at first.   
For the powder experiments, crystals were grown for the day of the experiment and kept 
under parafilm in the beaker until harvesting.  Attempts were made to harvest the crystals at 
room temperature and place them into a mortar cooled in a salt-ice bath or with liquid nitrogen.  
This resulted in dehydration at room temperature or absorption of moisture in the mortar due to 
condensation.  The crystals were then harvested quickly at 277 K in a cold room, wiped dry with 
kimwipes and ground into powder in a small mortar with a pestle.   
Attempts were made to grow and harvest mostly hexagonal crystals, but some rhombic 
crystals were assuredly in the DTPA powders; the crystals had different unit cells from XRD and 
were likely chemically inequivalent.  The powder was collected, placed into quartz tubing of the 
appropriate size, and spectra were taken within the hour for 9.5 GHz, 35 GHz, and 95 GHz 
spectra.  Powders were left to dehydrate over various periods of time in open lab atmosphere.  
Then spectra were taken at 9.5 GHz, 35 GHz, and 95 GHz.   
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C. Analysis 
1. Dehydration effects: 
The comparison of dehydrated and hydrated crystal powders gave good qualitative results 
shown in Figs. 2.1-2.2.  The spectra used here were calibrated but there was no subtraction to 
account for a free radical signal or signals. 
The red lines show the hydrated powders ground in the cold room at 4 Celcius.  The 
hydrated Gd DOTA powder was run at 9.0496 GHz with a field center of 3250 G and a range of 
5000 G.  The gain was 2500 and the modulation amplitude was 2 G.  The power attenuation was 
20 mW, and the phase was 180 degrees.  The composite of 3 1 minute scans is shown.  The Gd 
DTPA was run at 9.0445 GHz with a field center of 3250 G and a range of 5000 G.  The gain 
was 2000 and the modulation amplitude was 5 G.  The power attenuation was 20 mW, and the 
phase was 180 degrees. The composite of 3 1 minute scans is shown.    
The dashed black lines show the spectra of powders left open several days to the 
atmosphere.  The Gd DOTA powder was run at 9.05332 GHz with a field center of 3250 G and a 
range of 5000 G.  The gain was 1000 and the modulation amplitude was 5 G.  The power 
attenuation was 20 mW, and the phase was 180 degrees.  A 1 minute scan is shown.  The Gd 
DTPA powder was run at 9.05695 GHz with a field center of 3250 G and a range of 5000 G.  
The gain was 1600, and the modulation amplitude was 5 G.  The power attenuation was 20 mW, 
and the phase was 180 degrees.  The composite of 5 1 minute scans are shown.     
The spectra of the powders left in air show significant strain in both Gd DOTA and Gd 
DTPA compared to the spectra of hydrated powders.  The difference in the peak positions and 
broadening is especially striking in the Gd DOTA spectra.  They look like spectra from 
completely different compounds.  This is proof that the use of dehydrated powders of Gd DTPA 
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and Gd DOTA glasses or crystals in EPR is not justifiable.  The ZFS terms are unlikely to be 
accurate except to an order of magnitude, because the chemical environment changes so 
completely.   This is visually apparent in the following spectra.  This is clear comfirmation of 
dehydration affecting the crystalline structure and molecular electronic environment of the Gd III 
in both systems.   
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Fig. 2.1: EPR of Gd DTPA at X Band shows changes due to dehydration. 
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Fig. 2.2: EPR of Gd DOTA at X Band shows changes with dehydration. 
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2.  Quartic contribution: 
The hydrate crystals of DOTA and DTPA showed a relatively high D and E compared to 
inorganic Gd crystal systems
35
.  The DOTA complex produced powder spectra at X, Q and W 
Band with clearly defined, separated fine structure transitions, whereas the DTPA complex 
showed broad overlapping transitions. Adjustment of D and E alone was attempted to fit both 
crystal and powder spectra.  It was not possible to adjust the Dxx and Dyy peaks with respect to 
each other.  For the DOTA system, the crystal spectra showed distorted sinusoidal patterns for 
the six higher order transitions (+/- ½ to 3/2, 3/2 to 5/2, 5/2 to 7/2) and a significant sin(2θ) 
pattern for the ½ to -1/2 transition, which is independent of the D and E effects.  The quartic 
terms should vary periodically, on average every 90 degrees.  The S
6
 would, on average, vary 
periodically every 60 degrees.  The BS3 would lead to significant changes in peak position with 
magnetic field; only a small change of peak position with magnetic field was observed after the 
spectra were fit with quartic terms, so this term was not included in simulations.   
The presence of quartic contribution in the K2YF5 crystal led this researcher to look for a 
similar quartic terms in the DOTA system in the powder spectra.  All three reference frames of 
the dipolar and quartic terms were considered to find such a distortion.  Simulations of the 
powder spectra taken at X and Q Bands including quartic terms yielded a reasonable fit; the 
even,positive quartic terms were especially important in correctly simulating the positions of the 
outer spectral peaks.  The dipolar and quartic terms were refined using simultaneous simulations 
of the two planes of crystal spectra at Q Band.  Potential trigonal (b4
3 
and
 
b4
3
) and tetragonal (b4
2
 
and b4
4
) pseudosymmetries in the DOTA crystal were evident.  This led the investigator to 
consider a significant quartic contribution in both the DTPA and EDTA crystals.  Considering 
the soft quality of the DTPA crystals, it would have been tricky to mount, remove and remount 
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the crystal without damaging the crystalline structure.  Such work would have greatly aided data 
analysis.  For the DTPA system, the high values of D (and resultant broad lines) had suggested 
that powder spectra and one crystal plane would give decent values of D and E for a system in 
which these were the only significant parameters.  The same techniques used for analysis of the 
DOTA system were adjusted for the DTPA system, considering the much higher D and E values 
and greater resultant D-strain, and the lack of 2 planes of crystal data.   
In particular, the use of symmetry in one plane was attempted to resolve the 3/2 to 1/2, -
3/2 to -1/2 transitions after the powder spectra gave approximate values for D, E and the quartic 
terms.  Due to the small size of crystals and the fact that the EDTA complex is not a contrast 
agent, X-ray diffraction of the crystal and planes of the crystal had not been taken.  It is likely 
that local minima have been found for the EDTA system.  The dipolar coupling and quartic 
coupling terms from three frequencies of powder spectra were used to attain approximate D, E 
and quartic terms for both the DOTA and DTPA complex crystals.   
 Analysis using 2 planes of data for the dilute Gd in Eu DOTA was possible, leading to 
very good agreement between roadmapped simulations and points representing main peaks using 
John Weil‟s eprnmr program.  Side peaks, likely from twinning undiscovered by XRD, were 
easily identifiable and were separated.  Only one plane of dilute Gd in Eu DTPA created 
complexities for spectral analysis.  Crowding of the 1/2 to –1/2 transitions and D strain on the 
5/2 to 3/2 and –5/2 to –3/2 transitions left only the 3/2 to 1/2 and –1/2 to –3/2 transitions for 
attempted analysis.  Also, there were two chemically independent sites; fortunately, there was 
also a near crossing point for both of the chemically independent sites for the major part of the 
crystal. 
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3. Calculations: 
A Gaussmeter was used to find the measured magnetic field values within a few Gauss of 
the various magnets (X, Q, and W) over the ranges utilized for the EPR experiments.  Plots were 
made, and calibration curves were determined using Excel.  DATAEG was used to adjust the 
magnetic field values in the spectra to measured field values.   
The baseline was not a significant contributor to the spectrum, but was still subtracted.  
An underlying curve due to an apparent free radical signal was observed in several spectra.  This 
could also have been due to multiple free radical signals or to a small liquid or disordered 
component in the sample.  The signals were assumed to be single Gaussian, though it is not clear 
what their linewidth represents.  A Gaussian line with a linewidth of 230 G was subtracted from 
each of the X (g = 2.005), Q (g = 1.9925) and W Band spectra for Gd DOTA at g = 1.991.  A 
Gaussian line of linewidth of 700 G was subtracted from the X Band spectrum of Gd DTPA at g 
= 1.990.  These large linewidths create unfortunate questions about the quality of the powders, 
but were clearly separable from the desired spectral features.  
In the resultant spectra, spectral quality had a much greater effect on effective S/N than 
intensity of the EPR signal or background noise.  The sample was a hydrate crystal and was very 
quickly ground to avoid dehydration from atmospheric exposure.  Still, some dehydration may 
have affected strain in the lineshapes and contributed to lower effective S/N and effective signal 
intensity.   Incomplete powdering resulted in anomalous peaks near the center line which could 
not be simulated.  This was especially evident in the Gd DOTA spectra.  These anomalous peaks 
and the dominance of the center line (especially in Q Band) resulted in poor residual spectra.   
The outer peaks were much more sensitive to changes in D and E and the quartic terms, 
so peak position, relative intensity and linewidth were better means of determining ZFS and ZFS 
  
61 
 
strain parameters.  The intrinsic linewidth was only 16 G for the Gd DOTA and 18 G for the Gd 
DTPA spectra.  D and E strain substantially broadened peaks farther from the center line: due to 
higher D and E strain, this was more problematic in the Gd DTPA spectra.  The effective signal 
intensity and effective S/N are inversely proportional to the square of the linewidth.  This 
resulted in an order of magnitude difference in signal intensity and S/N between the Gd DOTA 
and Gd DTPA spectra.   
Due to the multiple sources of broadening, I was very careful to avoid overfitting of the 
D and E strain parameters.  Only strain which was proportional to the distance from the center 
line and which was consistent between spectra of different frequencies was considered to be 
from D and E strain.  This is shown in the spectral analysis in Chapter 1:Section C6 below.   
Redundancy could have been an issue if fits of all peaks near the center line were 
attempted for the Gd DOTA spectra, because these peaks are due to incomplete powdering.  
Attempts to fit Gd DTPA spectra using 2 species with independent D and E and quartic terms 
could also create redundancy issues, which is one reason that these simulations were not 
attempted.  The other reason was time constraints.  The fitting of these spectra using two species 
was completed late in the project.  The discussion of the reasons for both approaches is in the 
spectral analysis of Chapter 1 Section C6. 
Simulations of the powder spectra were initially made using eprnmr, which could not 
vary parameters but which would take input for all nine quartic terms.  Mark Nilges compiled a 
specialized version of simpipm called simpipmq.  The parameters G and H became the variable 
quartic terms B
0
4 and B
2
4, whereas D and E remained the same variable parameters. The other 
seven quartic terms could be input but not varied.  This allowed for effective simulation of the 
powder spectra for both the DTPA and DOTA systems.   
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Transition points were found in the DPTA and DOTA crystal spectra and were recorded.  
They were put into an Excel table of magnetic field versus angle, and a graph was produced.  
Roadmapped simulations of transition points were compared against the experimental transition 
points using multiple graphs.  Points could then be seen to „move‟ from one graph to another, as 
simulations changed.  This allowed the roadmaps to be used to simulate quartic parameters.  The 
crystal spectra were much more sensitive to the quartic terms than the powder spectra, because 
the crystal spectra showed movement of transitions with angular changes.   
The higher rank quartic terms in particular changed more rapidly with angle; at most, the 
effects of rank 1 and 4 quartic terms can cycle every 45 degrees, whereas the effects of rank 2 
and 3 quartic terms may cycle every 60 degrees, depending on the orientation of the crystal.  
This compares to cycling of 180 degrees for the effects of the dipolar terms.  In the angular 
changes of the higher order transitions (not ½ to -1/2), D and E are dominant, leading to 
sinusoidal angular patterns for an 180 degree series of field transitions, whereas the 1/2 to -1/2 
transition shows a sin(2θ) pattern due to cycling on average every 90 degrees.  
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4. Quartic Transformations: 
In order to find the values of the quartic terms in three frames of reference, certain 
transformations were needed for both quartic and dipolar coupling terms.  Rudowicz described 
the needed transformations
41
.  The needed transformations for both dipolar and quartic couplings 
were S5, S4 and the arbitrary rotation around z, Rz: 
q. 2.2241: 
[bk
q
]= sin(q){bk
-q
} + cos(qbk
q 
 The following chart describes the various transformations on the axis systems in 
Cartesian and spherical coordinates.  For instance, in the S6 transformation, one rotation is 
necessary, 90 degrees in Theta around y from z to -x, so z information is now in the -x direction 
and x information is now in the z direction, while y remains unchanged
41
.  
Table 2.7: S2-6 Transformations: Definitions of the Parallel Axis Systems
41
  
(This is not S of the Hamiltonian) 
 Transformed Axis Systems   
Original S1 system S2 S3 S4 S5 S6 
x x` y` z` y` z` 
y z` x` x` z` y` 
z -y` -z` y` x` -x` 
1, θ1 -π/2, -π/2 -π/2, π 0, π/2 -π/2, -π/2 0, -π/2 
2, θ2 π/2, 0 - π/2, 0 - - 
 
 The sequence of rotations and transformations necessary to transform from the laboratory 
frame into the crystal system using the Euler angles α, β, and γ in eprnmr is: Rzα, S5, Rzβ, S4, 
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Rzγ.  This can be described as follows.  Rzα: A rotation is made around the z axis by Euler angle 
Alpha.  S5: The x axis is rotated -90 degrees in Phi around z into y.  The z axis is then rotated -
90 degrees in Theta around y into x.  Now, y axis information is in the z direction.  Rzβ: The 
effective rotation is around the old y axis.  S4: The z axis is rotated 90 degrees in Theta into -x 
around y.  The x axis is rotated 90 degrees in Phi into the y axis around the z axis.  In the 
transformed system, the new x information is along the y axis, the z information along the x axis, 
and the y information along the z axis.  This has returned us to the original axis system.  Rzγ: A 
rotation is made around the z axis by Euler angle Gamma.  The tables below show the S4 and S5 
transformations for the quartic and dipolar terms.  These transformations were done with an 
excel spreadsheet into which the simulated and experimental values were input. 
Table 2.8: Transformations of Quartic Terms
41 
Quartic Term Contants of 
Stevens‟ Operators (b4
q
) 
S4 Transformation S5 Transformation 
b4
4
 (b4
4
 + 7*b4
2
 + 35*b4
0
)/8 (b4
4
 - 7*b4
2
 + 35*b4
0
)/8 
b4
3
 -(7*b4
-2
 + 2*b4
-4
)/2 (7*b4
-1
 - 3*b4
-3
)/2 
b4
2
 (5*b4
0
 - b4
4
 - b4
2
)/2 (b4
4
 - 5*b4
0
 - b4
2
)/2 
b4
1
 b4
-4
 - b4
-2
/2 (-3b4
1
 - b4
3
)/4 
b4
0
 (b4
4
 - b4
2
 + b4
0
)/8 (b4
4
 + b4
2
 + 3*b4
0
)/8 
b4
-1
 (b4
3
 - 3* b4
1
)/4 -b4
-4
 - b4
-2
/2 
b4
-2
 (b4
-3
 - b4
-1
)/4 -(b4
3
 + b4
1
)/4 
b4
-3
 -(3*b4
3
 + 7*b4
1
)/4 (7*b4
-2
 - 2*b4
-4
)/2 
b4
-4
 -(7*b4
-1
 + b4
-3
)/8 (7* b4
1 
- b4
3
)/8 
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Table 2.9: Transformations of Dipolar Terms
41 
Dipolar Term Constants of 
Stevens‟ Operators (b2
q
) 
S4 Transformation S5 Transformation 
b2
2
 -( b2
2
 + 3*b2
0
)/2 -( b2
2
 - 3*b2
0
)/2 
b2
1
 2* b2
-2
 b2
-1
 
b2
0
 (b2
2 
- b2
0
)/2 (-b2
2 
- b2
0
)/2 
b2
-1
 b2
1
 2* b2
-2
 
b2
-2
 b2
-1
/2 b2
1
/2 
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5. XRD Spectra: 
The crystal information files are after the unit cell pictures in appendices A2 (DTPA) and 
A3 (DOTA).  They are complete for the Eu (2 % Gd) DOTA and incomplete for Eu (1 % Gd) 
DTPA.  The 1 % Gd in Eu DTPA XRD suggests a monoclinic P crystal system with a P1/n space 
group with eight centers.  This would mean a 21 screw and an n-glide, each halving the number 
of centers which would be distinguishable in EPR powder spectra.  This leaves two chemically 
independent centers which could have different ZFS values; however, one of the independent 
centers has very thermodynamically unstable carbon bonds, which suggest dynamic disorder 
within the crystal at that center.  It is possible that the bonds around the Eu III (Gd III) center are 
in constant motion or that they interchange between two or more positions.  This disorder and the 
surrounding disorder of the second and outer sphere water molecules in the crystal could also 
affect the EPR of the other center.  Pseudosymmetry of the Eu (Gd) centers is also possible, 
which would reveal itself in less than 9 significant quartic terms. 
 The XRD spectrum for the Gd DOTA was completely solved as a triclinic P type system 
with two centers, which means all the quartic terms are allowed according to its actual 
symmetry; however, it may also have pseudosymmetry.  The two centers do not show 
inequivalence, consistent with their similar, stable environment in XRD.   
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6. EPR of Dilute Gd DTPA Crystal and Powder Spectra:  
The DTPA crystal spectra showed at least 5 lines each for the ½ to 3/2 and -1/2 to -3/2 
transitions.  Six 3/2 to 1/2, -1/2 to -3/2 line were roadmapped using eprnmr with the values 
calculated by the powder spectra; the other sites produced lines too broad to map effectively at 
low and high field extremes.  Two likely symmetry-related sites produced the curves closest to 
the 1/2 to -1/2 lines.  These six lines all crossed the 1/2 to -1/2 lines at two angles from 40 to 50 
degrees apart; it is therefore unclear what peaks in this section correlate to the rest of the curves 
in anglespace for the six lines studied.  This allowed for a poor fit of the crystal data, which does 
not render useful information about the actual D and E values and any potential quartic terms.  
The presence of more than 4 lines for each transition suggests either a splitting in the crystal or, 
more likely, that the chemically independent sites produced separate lines.  The lines from the 
ordered center may have been sharper and more distinguishable from surrounding lineshapes at 
more angular positions than the lines from the disordered center.   
Simulations of the Gd DTPA powder spectra at X and Q Band gave reasonable ranges for 
D and E.  One set of simulations assumed that quartic terms accounted for changes to the center 
line and movement of outer peaks.  Simpipmq, an EPR powder spectrum-fitting program 
developed and compiled by Mark Nilges at the University of Illinois EPR Center, was used for 
these simulations.  The other set of simulations assumed that two chemically independent sites in 
the crystal gave rise to two sets of D and E values; the quartic terms were assumed to be 
negligible.  Simpipm, an EPR powder spectrum fitting program developed and compiled by 
Mark Nilges at the University of Illinois EPR Center, was used for these simulations. 
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Fig. 2.3: EPR of dilute Gd DTPA powder at Q Band is shown.  In the 1
st
 simulation, 
the 5 positive quartic terms are used.  In the 2
nd
, only even quartic terms were used.  
 In the 3
rd
 no quartic terms were used to simulate the spectrum. 
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Fig. 2.4: EPR of dilute Gd DTPA powder at Q Band is shown with 3 simulations.  
 The first uses the 5 positive quartic terms.  In the second, D strain is increased.  In 
 the third, intrinsic linewidth is increased. 
 
10560  
11360 
 
12160 
 
12960 
 
13760 
MAGNETIC FIELD (GAUSS) 
1.8 1.9 2.0 2.1 2.2 2.3 
g-factor 
Solid Red: Experimental 
Dashed Black: Simulation 
  
70 
 
Fig. 2.5: EPR of dilute Gd DTPA powder at Q Band is shown with 3 simulations.  
 In the first, two chemically independent species are used to fit the spectrum.  In the 
 second, D strain is increased.  In the third, E strain is increased. 
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Figs. 2.3-2.5: 1 % Gd in Eu DTPA Q Band (34 GHz):  
The experimental spectrum in red is the same throughout with a center field of 12500 G, 
4000 G spectral width, 34.7764 GHz frequency, 8 G modulation amplitude, 15.0 mW 
attenuation, seven 1 minute scans and a gain of 100.  Various simulations are in black.  In Fig. 
2.3, the top spectral simulation uses fitting of all 5 positive quartic terms.  In the middle 
simulation, b4
1
 or b4
3 
 (trigonal) quartic terms were set to zero while all other values were held 
constant.  In the bottom simulation, all quartic terms were set to zero.  In Fig. 2.4, the top 
spectral simulation is the same as the bottom simulation in Fig. 5A.  In the middle simulation of 
Fig. 2.4, Ds%, the percent of D constituting D-strain has been increased from 13 % to 20 %.  In 
the bottom simulation the spectral width has been increased from 50 MHz to 84 MHz (Ds% of 13 
%).  Fig. 2.5 shows the spectra simulated by 2 species without quartic terms.   
First, we will consider a fit by one species (Fig. 2.3-2.4) and then a fit by 2 species in Fig. 
2.5.  The top spectrum is the best fit; the middle spectrum shows increased D strain.  The bottom 
simulation shows the effect of increased E strain.  The outer peaks are so broad from high D and 
Ds%, that they do not change much throughout the spectra; however, the splitting in them and in 
the peaks to the left and right of the central line indicate a possible second chemically 
inequivalent Gd III DTPA species.  Graining of the powder, dehydration effecting the crystal 
structure, and imperfections (free radicals) in the crystal matrix may also affect spectral width 
independent of D strain and inherent spectral linewidth (estimated at 50 MHz from the narrowest 
peak-to-peak crystal linewidths).   
The spectra are best fit using all five positive allowed quartic terms.  When the trigonal 
quartic terms are removed, the main peak separates from the first peak on the left (downfield), 
while the main peak‟s right (downward) side sharpens.  With the quartic terms removed, the left 
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hand peak becomes smaller and moves downfield.  This shows the importance of the quartic 
terms to fitting the spectrum.  In Fig. 2.4, high Ds% broadens the spectrum significantly, 
especially the innermost side peaks; this seems to simulate the main peak better but actually 
destroys information in the spectrum.  Raising the linewidth also broadens the spectrum but 
strengthens the innermost side peaks and the right side of the main peak.   
In Fig. 2.5, a fit by 2 species is considered.  The outer peaks are clearly better fit by a 
simulation using 2 species with different D and E values.  The slightly upfield peak is still not 
split completely but underlying curvature is visible.  The center line‟s right side is better fit 
without any underlying structure seen in Fig. 2.3.  This fits well with the fact that there are two 
different centers which are not symmetry related, as suggested by the X-ray Diffraction analysis.  
The incomplete analysis and the high thermodynamic strain seen in the various orientations of 
the unit cell (Appendix 2: Fig. A2.1-A2.3) also suggests possible dynamic disorder in one of the 
centers.  This would suggest that D strain might be higher for one species than the other; 
however, this is not suggested by the data in Q Band.   
In the middle simulation, D strain was increased to 11 % from 7 % for both species, 
which blurred the downfield outer peaks into a single line and decreased the distinction of the 
right hand outer peaks.  In the bottom simulation, E strain was increased from 1 % to 5 %.  This 
blurred the downfield outer peaks into a single line: D and E strain cannot be significantly raised 
without destroying information in the spectra.  Essentially, they can be used to oversimulate the 
spectra.  This suggests that crystal structure is of limited importance in determining strain 
parameters.  There was no attempt to fit an E strain less than zero.  In retrospect, it seems likely 
that an E strain less than zero is a possible fit for these spectra.  E strain would be anticorrelated 
to D strain, so the E/D ratio would be affected much more than the overall ∆2.   
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Fig. 2.6: Spectrum of dilute Gd DTPA powder at X Band is shown with 3 
simulations.  In the 1
st
, the 5 positive quartic terms are used.  In the 2
nd
, only the positive 
even quartic terms are used.  In the third, no quartic terms are used. 
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Fig. 2.7: EPR of dilute Gd DTPA powder at X Band is shown with 3 simulations.  In 
 the 1
st
, the 5 positive quartic terms are used.  In the 2
nd
, D strain is increased.  In the 
 3
rd
, E strain is increased.   
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Fig. 2.8: EPR of Dilute Gd DTPA at X Band with 3 simulations.  In the 1
st
, 2 
 chemicallly independent species are used to fit the spectrum.  In the 2
nd
, D strain is 
 increased.  In the 3
rd
, E strain is increased.  
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Fig. 2.6-2.8: 1 % Gd in Eu DTPA at X Band (9.5 GHz):  
The experimental spectrum in red is the same throughout with a center field of 3250 G, 
5000 G spectral width, 9.0445 GHz frequency, 5 G modulation amplitude, 20.0 mW attenuation, 
three 1 minute scans and a gain of 2000.  The simulations are in black.  The simulated g value 
was 1.992.  In Fig. 2.6, all three simulations are based on the same parameters (excluding 
frequency) as in Fig. 5A.  In Fig. 2.7, the top spectral simulation is the same as the Fig. 2.6 top 
simulation.  In the middle simulation (Fig. 6B), Ds% is changed from 13 % to 20 %; in the bottom 
simulation, Es% is changed from 1 % to 4 %.  In Fig. 2.8, the spectra show the alternative 
explanation of two species with different D and E values either from two different centers in the 
crystal or from two configurations of one unstable center.   
First, we consider one fitting the spectrum with one species (Fig 2.6-2.7), and then with 
two species (Fig. 2.8).  The top simulation shows the best fit; the middle shows D strain 
becoming large and the bottom shows E strain becoming large; however, here, and in the rest of 
the spectral fits, the center line is sharper than the experimental center line.  This is likely due to 
imperfections in the powder.   
Clearly, dehydration, graining of the powder and/or free radicals in the crystal matrix is 
even more problematic in this spectrum.  Dehydration is dependent on the surface area of the 
exposed powder, so it should be greater in the higher radius X Band tube.  Elimination of the 
trigonal quartic terms increases splitting of the center line and creates an unaccounted for 
splitting in the large peak downfield of the center line.  These are exacerbated by elimination of 
all quartic terms; however, the second peak downfield of the center line moves upfield, towards 
the experimental spectral peak position.  
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 The experimental spectrum again shows unresolved splitting in the second peak 
downfield of the center line (g = 1.992).  This indicates chemically inequivalent centers in the 
monoclinic crystals (hexagonal).  The most likely interpretation of the XRD suggests eight 
centers in this crystal but with two types of symmetry, an n-glide and a 21 screw.   The Gd 
centers are at a general position, though, so crystal symmetry does not affect them.  Half of the 
Eu (and Gd) centers are well fit in XRD, but half are very strained.  Thus, there may be two 
chemically independent centers. 
If two species are used for the simulation, the outer peaks especially are more well fit; 
however, side peaks on the center line and the first downfield line are sharper than would be 
expected; also, the outer peaks are sharper than expected, especially the first high field set of 
peaks.  The center line is much too sharp and remains so even when D or E strain is increased.  If 
Ds% is increased from 7 % to 11 % for the two potentially chemically inequivalent species, the 
first downfield line and its side peak both broaden but do not provide a better fit.  The side peak 
on the center line becomes less prominent and the upfield peaks and second set of downfield 
peaks are better fit.   
Increasing E strain in both species in the bottom simulation broadens the well-fit first 
downfield peak and creates sharp lines which should not exist near the center of the spectrum; 
however, it also broadens the first upfield set of peaks into a better fit.  The second set of 
downfield peaks is overbroadened, whereas the second set of upfield peaks are broadened into a 
better fit.  This brings up questions of how high D and E strain should be for this system, 
particularly considering that higher D and E strain overbroaden the Q Band peaks.  It is possible 
that the species with lower D and E values has higher D and E strain and is from the disordered 
center in the monoclinic crystal; however, it is also possible that the additional broadening in the 
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spectra is not related to D or to inherent line-width, which has been determined by the peak-to-
peak linewidth of the crystal structure.   
It is not clear which model is best (quartic contributions or 2 species) to describe this 
spectrum, but there are some clear conclusions.  The D strain is between 7 and 13 % of D; E 
strain is much lower at around 1 % of D or less.  Again, E strain was not allowed to become 
negative.  Simulations considering this possibility will be done for Gd DTPA.   
D is between 1410 and 1520 MHz and E is from 390 to 480 MHz.  The E strain is 
significantly smaller in both size and % of E than the D strain as a percentage of D. The E/D 
ratio is around 0.28 to 0.32, a strongly but not completely rhombic system.   
If quartic terms are present, they are a small contribution in MHz compared to D and E 
but strongly affect the shaping of the large peaks around the center line of the spectrum, 
especially at X Band.  Since the removal of the positive even quartic terms most affects the 
spectrum, this suggests possible quadropolar symmetry of the DTPA around the Gd III.  Quartic 
terms may be affected by the crystal structure, but they are also likely related to the molecular 
electronic structure of the Gd DTPA.  If two chemically independent centers with distinguishable 
D and E are present, the crystal structure is a small but significant component in determining D 
and E.  Either way, this confirms our theory that ZFS terms should be mainly determined by the 
structure of the Gd-ligand bonding, but is affected by the crystal structure.      
Table 2.10 (1 species) D E Ds% Es% b4
0
 b4
1
 b4
2
 b4
3
 b4
4
 
Gd DTPA (MHz)  1472 471.9 13 1 0.06 -0.6 1.06 -12.3 0.9 
 
Table 2.11 (2 species) D1 E1 D1s% E1s% D2 E2 D2s% E2s% 
Gd DTPA (MHz)  1410 390 7 1 1520 480 7 1 
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7. DOTA EPR Crystal and Powder Spectra: 
 The EPR of Gd DOTA powder spectra were used to acquire reasonable parameters for 
simulations from simpipmq.exe, a program compiled by Mark Nilges for single species 
involving quartic terms.  The crystal spectra were then fit by eprnmr to refine the values and 
better fit all frequencies.  EPRNMR is a fitting routine for EPR and NMR of powders and 
crystals made and maintained by the John Weil group.  These values are compared in the 
analysis below to show the effect of quartic terms and changes in D and E strain on the fitting of 
the spectra. 
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Fig. 2.9: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions.  
All of the quartic terms are included in this simulation of the 1
st
 plane. 
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Fig. 2.10: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. 
All of the quartic terms are included in this simulation of the 2
nd
 plane. 
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Fig. 2.11: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. 
Only the positive quartic terms are included in this simulation of the 1
st
 plane. 
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Fig. 2.12: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. 
Only the positive quartic terms are included in this simulation of the 2
nd
 plane. 
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Fig. 2.13: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. 
Only the even positive quartic terms are included in this simulation of the 1
st
 plane. 
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Fig. 2.14: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. 
Only the even positive quartic terms are included in this simulation of the 2
nd
 plane. 
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Fig. 2.15: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. No 
quartic terms are included in this simulation of the 1
st
 plane. 
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Fig. 2.16: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. No 
quartic terms are included in this simulation of the 2
nd
 plane.  
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Fig. 2.17: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. 
Quartic terms derived from the Q Band powder spectrum are included in this 
simulation of the 1
st
 plane. 
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Fig. 2.18: The field positions of the peaks of the 8 transitions of the EPR spectra of 
Gd DOTA crystal are shown changing with angle every 5 degrees.  Simulations 
show the effect of the quartic and dipolar terms on the position of the transitions. 
Quartic terms derived from the Q Band powder spectrum are included in this 
simulation of the 2
nd
 plane.  
 
 
 
 
 
 
 
2% Gd in Eu DOTA 2nd Orientation Best Powder (Q Band) Quartic Terms 
11100
11600
12100
12600
13100
13600
14100
3.5 23.5 43.5 63.5 83.5 103.5 123.5 143.5 163.5 183.5
Angle (Degrees)
F
ie
ld
 (
G
a
u
s
s
)
Fig. 11B 
  
90 
 
Fig. 2.9-2.18: Crystal spectra of Gd DOTA: The experimental spectra were taken every 
5 degrees in two planes after using XRD to align the crystals in two orientations approximately 
90 degrees from each other.  The spectra were simulated using eprnmr developed by the John 
Weil group.  All eight (-7/2 to -5/2, -5/2 to -3/2, -3/2 to -1/2, -1/2 to 1/2, 1/2 to 3/2, 3/2 to 5/2, 5/2 
to 7/2) transitions were fitted in both planes.  For the 1
st
 plane the –7/2 to –5/2 were the high 
energy transitions (low field) whereas the 7/2 to 5/2 were the low energy transitions (high field). 
For the 2
nd
 plane, the transitions crossed twice.  This crossing allowed the sign of D to be 
determined as negative.  The –7/2 to –5/2 transitions were the low energy transitions on average 
for this plane, even though they are the high energy transitions for low and high angular values. 
The first plane was fitted best with g = 1.991, whereas the second plane was fitted best 
with g= 1.993.  In comparison, the Q Band powder spectrum was fitted best with a g of 1.993.  
The X Band powder spectrum simulation was fitted best with a g of 1.990.  The W Band 
simulation was fitted best with a g of 1.9905.  The spectra were calibrated, so the variance in g is 
not well explained; it is unknown error. 
The Euler angles were (111.0 97.5 102.5).  The starting angle in (Theta, Phi) were ((90.0, 
268.91) for plane 2 and (90.0, 0.0) for plane 1.  These values were found from calculations based 
on the orientation matrices of the two crystals from XRD discussed in Appendix 4.  Plane 1 was 
started at 3.4 degrees as an adjustment to make the spectral simulations fit and simulated every 
0.5 degrees; plane 2 was started at 0 degrees and varied every 0.5 degrees.  Lines were 
interpolated using 6
th
 order equations in Excel to create the graphs.  The spectra clearly show that 
D is negative from the crossing points of the line which confirms the sign of D from the Merbach 
et. al. work
25
.  The simulations show how the negative terms are small and have little effect on 
angular changes (compare Fig. 2.9-10 to Fig. 2.11-12).  The odd positive quartic terms have a 
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small effect on angular changes, particularly in the first orientation (compare Fig. 2.11 to Fig. 
2.13).   
The removal of the even positive quartic terms has a much larger effect on the angular 
movement of the peaks (Fig. 15-16).  Simulations based solely on terms derived from simulation 
of the Q Band powder spectrum (Fig. 2.17-18) show the problem with using powder spectra to 
determine quartic terms.  The quartic terms are very small in MHz compared to D and E, but 
have an outsized effect on angular changes and movements of outer peaks in the powder spectra.        
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Fig. 2.19: The EPR spectrum of dilute Gd DOTA powder at Q Band is shown with a 
simulation using only this Q Band spectrum. 
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Fig. 2.20: EPR spectrum of dilute Gd DOTA powder at Q Band is shown with a 
simulation using the parameters derived from the fitting of the two planes of crystal 
data with all 9 quartic terms (2.9-10) 
 
 
10560  
11360 
 
12160 
 
12960 
 
13760 
            MAGNETIC FIELD (GAUSS) 
     1.8      1.9      2.0      2.1      2.2      2.3 
           g-factor 
Solid Red: Experimental 
Dashed Black: Simulation 
  
94 
 
Fig. 2.21: EPR spectrum of dilute Gd DOTA powder at Q Band is shown with a 
simulation using the parameters derived from the fitting of the 2 planes of crystal 
data with the 5 positive quartic terms (Fig. 2.11-12). 
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Fig. 2.22: EPR Spectrum of dilute Gd DOTA powder at Q Band is shown with a 
simulation using the parameters derived from the fitting of the 2 planes of crystal 
data with the even positive quartic terms (Fig. 2.13-14) 
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Fig. 2.23: EPR Spectrum of dilute Gd DOTA at Q Band is shown with a simulation 
using the parameters derived from a fitting of the 2 planes of crystal data with no 
quartic terms (Fig. 2.15-16)   
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Fig. 2.24: EPR Spectrum of dilute Gd DOTA powder at Q Band is shown with a 
simulation using the same parameters as in Fig. 2.21 except for D strain, which was 
increased from 7 % to 11 % of D. 
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Fig. 2.25: EPR Spectrum of Dilute Gd DOTA powder at Q Band is shown with a 
simulation using the same parameters as in Fig. 2.21, except that E strain was 
increased from 1 to 5 % of E. 
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Fig. 2.19-2.25: 2 % Gd in Eu DOTA Q Band (34 GHz): The experimental spectrum in 
red is the same throughout with a center field of 12500 G, 4000 G spectral width, 34.7856 GHz 
frequency, 5 G modulation amplitude, 15.0 mW attenuation, ten 1 minute scans and a gain of 10.  
The spectral simulations are in black.  In Fig. 2.19, the spectrum was simulated using only the Q 
Band spectrum and resultant quartic terms.  In Fig. 2.20, the spectrum was simulated using the 
quartic terms derived from the crystal spectra.  In Fig. 2.21, only the positive quartic terms from 
the above Fig. 2.20 simulation were input.  In Fig. 2.22, the trigonal quartic terms were taken 
out.  In Fig. 2.23, the spectrum was simulated using no quartic terms, showing the significant 
movement of peaks both in the crystal and the powder spectra.  In Fig. 2.24, the D strain was 
increased to 3 % from 1.9 % from the spectra simulated using 5 positive quartic terms based on 
the crystal spectra.  In Fig. 2.25, the E strain was increased to 2 % from 1.1 % instead of the D 
strain being increased.   
The spectrum simulated using only Q Band data is the best fit, particularly for the right 
side of the center line (dip), but does not fit the angular changes or the X Band data.  In all the 
spectral simulations, the center line is much sharper than the experimental center line, probably 
due to imperfections in the powder.  The simulation using the parameters from the two crystal 
orientations fits well; only using the positive quartic terms did not significantly alter the spectral 
fit.  Using only the even positive quartic terms decreased the fit of the right side (dip) of the 
center line, but did not cause significant changes to the fit of the outer peaks.  Elimination of the 
quartic terms, however, destroyed the fit of the outer lines.   
These spectra show that the strain parameters cannot be increased significantly without 
the outer peaks becoming overmodulated by the high D and E strain.  Again, as in the 1 % Gd in 
Eu DTPA system, the E strain is much smaller as a percentage of E than the D strain as a 
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percentage of D. Still, the D and E strain are much smaller, perhaps due to the better ordered 
crystal system.  Negative E strain (anticorrelated to D strain) will be considered in the future for 
this system as well.           
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Fig. 2.26: EPR spectrum of dilute Gd DOTA powder at X Band is fit using the 
parameters used in Fig. 2.21 (5 positive quartic terms) multiplied by a factor of 0.98 
(excepting frequency). 
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Fig. 2.27: EPR Spectrum of dilute Gd DOTA at X Band is fit using the same 
parameters (5 positive quartic terms) as in Fig. 2.21 (excepting frequency). 
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Fig. 2.28: EPR Spectrum of dilute Gd DOTA powder at X Band is fit using the 
parameters used in Fig. 2.20 (all 9 quartic terms) multiplied by 0.98 (excepting 
frequency).  
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Fig. 2.29: EPR Spectrum of dilute Gd DOTA powder at X Band is fit using the same 
parameters as Fig. 2.26 other than the odd quartic terms, which have been set to 
zero. 
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Fig. 2.30: EPR Spectrum of dilute Gd DOTA powder at X Band is fit using the same 
parameters as Fig. 2.26, except that all quartic terms have been set to zero. 
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Fig. 2.31: EPR Spectrum of dilute Gd DOTA at X Band is fit using the same 
parameters as in Fig. 2.26 except that D strain has been changed from 7 % to 11 % 
of D. 
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Fig. 2.32: EPR Spectrum of dilute Gd DOTA powder at X Band is fit using the same 
parameters as in Fig. 2.26, except that E strain has been changed from 1 to 5 % of 
E. 
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Fig. 2.26-2.32: 2 % Gd in Eu DOTA X Band (9.5 GHz) 
 The experimental spectrum in red is the same throughout with a center field of 3250 G, 
5000 G spectral width, 9.0496 GHz frequency, 2 G modulation amplitude, 20.0 mW attenuation, 
3 1 minute scans and a gain of 250.  The black dashed spectra are the simulations.  Fig. 2.27 
shows the X Band spectrum simulated using the exact parameters from Fig. 2.21, whereas Fig. 
2.26 shows the simulation of the spectrum using the .98 of the D, E, and quartic parameters.  
This factor is necessary for spectral fit of the data.  This may suggest a possible higher order 
field-dependent term, such as BS
3
; attempts will be made to confirm this in later simulations.  
Fig. 2.28 shows the simulation of the spectrum adjusted by the .98 factor with the negative 
quartic terms.  Figs. 2.29-2.32 follow the format of Fig. 2.22-2.25, excepting that the frequency 
is different and the dipolar and quartic terms used are multiplied by the 0.98 factor.    
These spectra confirm what has been stated above in discussions about Q Band spectral 
simulations and the crystal spectral simulations. There is no significant difference in the fit 
between simulations generated using all the quartic terms, using only the positive quartic terms, 
or using the even positive quartic terms.  Spectra generated without quartic terms fit very poorly, 
as shown above.  This shows the criticality of the even positive quartic terms to this system, 
whereas the trigonal terms are much less important to the fit.  There is potential quadropolar 
pseudosymmetry with respect to the atomic position or the Gd-ligand structure. 
  The E/D ratio of 0.21 differs from Gd DTPA; this is likely due to real differences in the 
chelate structure and not an effect of the crystal structure.  Planar structures tend to be more 
axial; the DOTA is a macrocyclic ligand which forms a planar structure with Gd III.  The chelate 
is less rhombic than the acyclic Gd DTPA.  Large differences in D, E and the E/D ratio between 
the systems can be explained by the differences in the molecular electronic structure and 
  
109 
 
symmetry of the systems.  These differences do not imply that the crystal structure or atomic 
position is significantly affecting D and E. 
Table 2.12 (MHz) D E Ds% Es% 
Gd DOTA (crystal)  -732 -153 1.7 1.1 
Gd DOTA (Q powder only) -732 -153 1.7 1.1 
 
Table 2.13 (MHz) b4
0
 b4
1
 b4
2
 b4
3
 b4
4
 b4
-1
 b4
-2
 b4
-3
 b4
-4
 
Crystal  
(Gd DOTA) 
-0.25 -0.3 1.52 0.3 0.1 -0.3 1.52 0.3 0.1 
Q powder only  -0.25 0.75 1.52 -1.15 0.1 0.75 1.52 -1.15 0.1 
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Fig. 2.33: W Band (94 GHz) spectra of 2 % Gd in Eu DOTA:  
 The experimental spectrum in red is a composite of four spectra.  Forward and backward 
spectra were run at 94.3718 GHz.  The tube was rotated 90 degrees.  This was done to average 
over any inconsistencies (graining) in the powder.  If there were chunks of crystal, the 
orientations at 90 degrees apart should average out mostly.  Forward and backward spectra were 
run again at 94.3715 GHz.  The average frequency of the four spectra is 94.37165 GHz over a 
4000 G range.  The center field was 34000 G.  The scans were run for 5 minutes each.  The gain 
was 5.  The modulation amplitude was 1.5 G.  The power was 10 dB.  The simulation in black 
shows major deviation in the fine structure.  Since the X and Q Band show good agreement, this 
may be due to an undetected BS
3
 or BS
5
 set of terms.  These would be much stronger at higher 
magnetic field.  The center line is also poorly fit, which may be due to the higher order field-
dependent terms.  It may also be due to powdering of the spectra.  The higher order field-
dependent terms could also explain the seemingly 2 % larger D, E and quartic terms at Q Band 
than X Band.  Still, the current best estimates of D, E and the quartic terms are based on the two 
planes of crystal data.  
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Fig. 2.33: EPR Spectrum of dilute Gd DOTA at W Band is fit with the parameters 
(5 positive quartic terms) derived from simulations of the 2 planes of crystal data 
shown in Figs. 2.11-2.12 (excepting the frequency change) 
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D. Results 
1. Comparison of DOTA and DTPA: 
a. Introduction: The DOTA crystal spectra gave precise values for D, E and the quartic 
terms using all eight transitions (7/2 to 5/2, 5/2 to 3/2, 3/2 to ½, ½ to -1/2, -1/2 to -3/2, -3/2 to -
5/2, -5/2 to -7/2) after approximate fits using powder spectra.  The powder spectra were not 
resolvable to the same precision without fitting the crystal spectra partially due to the strong 
quartic terms.   The sign of D for the DOTA crystal was also determined to be negative from the 
crystal spectra, agreeing with the Merbach conclusions
25
.    
The diagonalized D matrix is traceless so that Dxx = -Dyy – Dzz.  Here the Dzz term is 
potentially along the Gd-inner sphere water hydrogen bond.  This would make sense for the 
system, but is yet to be proved from the crystal spectra simulations and XRD orientational data.  
The DTPA spectra gave a range of values as shown in Table 12, depending on whether 1 species 
with quartic terms or two species without quartic terms provide a better fit.  Still, the range of D 
and E is clear, and quartic terms are a small or nonexistent contribution.  The exact values of D 
and E for the static ZFS for aqueous Gd DTPA and Gd DOTA cannot be determined by this 
method, because crystal structure may change the ZFS and its components somewhat.  Still, this 
gives us much more information for both systems than orders of magnitude and generally agrees 
well with both the Merbach and Kang results.  In Table 2.14, the E/D ratio for the Gd DTPA is 
clearly different from the E/D ratio for Gd DOTA.   
b. Dipolar Terms: 
The D is significantly larger for Gd DTPA than Gd DOTA which fits well with the higher 
contrast in MRI in Gd DOTA than Gd DTPA.  The higher symmetry of the electronic 
wavefunctions of the Gd DOTA gives rise to a longer electron correlation time.  This results in a  
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shorter proton relaxation time.  The DOTA system shows an E/D ratio of 0.21, just above an E/D 
of 1/6th, so the dipolar strain is slightly more rhombic than axial.  This is interesting, considering 
the strong ring shape of the DOTA complex.  The rhombic distortion is likely in the plane of the 
DOTA complex, whereas the axial direction is along the Gd-H2O bond.  The DTPA system 
shows an E/D ratio of between 0.28 and 0.32. Planar structures like Gd DOTA tend to be more 
axial.  This difference in rhombicity and the potential tetragonal molecular symmetry in Gd 
DOTA (and possibly in Gd DTPA) indicates a difference in molecular electronic structure due to 
ligand structure.      
The electronic quadropole is almost entirely rhombic for Gd DTPA and large rhombic for 
Gd DOTA.  We assume the Dzz is in the general direction of the Gd-H2O bond since this 
hydrogen bonding would be weaker than the bonding to the chelate causing a smaller ZFS.  This 
would place the Gd-ligand bonding in the xy plane.  The more rhombic dipolar moment in the 
Gd DTPA suggests a much weaker Gd-H2O bond than in the Gd-DOTA system.  This is born out 
by higher relaxation times of Gd DOTA.  The Dxx is over 2 times larger and the Dyy almost 2.5 
times larger in DTPA than in DOTA.  This seems reasonable, considering D for the DOTA 
system is less than ½ of D for the DTPA system.    
Table 2.14 (MHz) D E Dzz Dyy Dxx E/D 
Gd DTPA (1 species) 1472.0 471.9 -18.7 -962.6 981.3 0.32 
Gd DTPA (2 species) 1 1410 390 -80 -860 940 0.28 
Gd DTPA (2 species) 2 1520 480 -26.7 -986.6 1013.3 0.32 
Gd DOTA -732 -152 92 396 -488 0.21 
The difference between Dxx and Dyy for the two systems is also telling.  The nearly 
rhombic Gd DTPA has 1/5
th
 the difference (Dxx + Dyy due to normalizaton) as the more axial Gd 
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DOTA.   The EPR observes significant difference in the breaking of the degeneracy between the 
two axes.  Obviously in both the Gd-DTPA and Gd-DOTA, there will be a statistical distribution 
of states around the lowest energy molecular conformation (here both electronic and atomic).  
However, the Gd-DTPA shows more symmetry within the plane than the Gd-DOTA.  This all 
assumes that the Dzz is approximately along the Gd-inner sphere water bond.   
c. Quartic Terms: 
The transformations clearly show the rotational dependence of the B
0
4 ,B
2
4, and B
4
4 
terms.  Simulations then showed that, as small values, these terms acted as small effects 
compared to D and E.  They affected the relative positions of the six Dxx (B
0
4) and six Dyy (B
2
4 
and B
4
4) peaks.  The other six terms affected the Dzz peaks near the center of the spectra more 
strongly.  They were also interrelated by rotational transformation; an S4 transformation would 
rotate B
1
4 and B
3
4 into B
-1
4 and B
-3
4, rotate B
-1
4 and B
-3
4 into B
-2
4 and B
-4
4, and rotate B
-2
4 and B
-
4
4 into B
1
4 and B
3
4.  These rotations would not lead to the same values in the newly occupied 
quartic terms.  
The quartic terms suggest a tetragonal symmetry in the Gd-DOTA system, whereas the 
Gd-DTPA system may or may not be affected by quartic terms.  The b4
0
, b4
2
, and b4
4
 are clearly 
necessary to fit the Gd DOTA spectrum.  The tetragonal symmetry may be due to the ring-shape 
of the Gd-DOTA or be due to pseudosymmetry at the atomic position or both.   
 d. Strain Parameters: 
 The strain in D and E was clearly higher for the Gd DTPA than the Gd DOTA system; 
this may have been partially due to greater order in the crystal structure of the Gd DOTA, but 
both sites showed significant D strain in the Gd DTPA system, even though only one was highly 
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disordered in the carbon bonds.  This suggests that some of the difference in strain may have 
been intrinsic to the system.   
 This would be explained by the above discussion of the relative kinetic instability of the 
Gd DTPA system.  Not all molecules have the exact same D; the strain represents the 
distribution in D among the Gd III ions.  This distribution is caused by the differences in 
interaction with the magnetic field among the Gd III ions which is related to differences in 
molecular electronic structure among the Gd III ions.  As D strain rises, there are more different 
conformations in the bonding of the chelate to the Gd III ions.   This indicates a greater kinetic 
disorder in the molecular electronic structure around the Gd III center in the Gd DTPA than in 
the Gd DOTA; this would lead to more kinetic instability in the Gd DTPA complex.   
 This researcher has no clear explanation for the higher % D strain than % E strain in both 
systems.  It is possible that E strain should have been allowed to become negative.  This would 
have allowed strain to affect the E/D ratio more than the ∆2.  
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5. Comparison to Frozen solution and Dehydrated powder results: 
 Results from the hydrated powder and crystal spectra compared well to frozen solution 
and dehydrated powder spectra in general, but are more accurate due to lower % D and E strain 
and better fitting of the outer lines.  The frozen solution spectra show that fine structure is either 
destroyed or modulated by strain.  Hoon Kang‟s frozen solution simulations of Gd DTPA show 
the fine structure blurred at all three frequencies and show some structure that does not appear in 
the experimental spectrum.  The DOTA simulations are worse; in addition to the problems with 
the DTPA, they show blurring of the center peaks at X and Q Band and major changes in peak 
position at L Band.    
 In the frozen solution simulations by Merbach et al., the Gd DOTA was well fit, because 
it had no discernable fine structure at X and Q Band.  The Gd DTPA was well fit at Q Band 
where little fine structure was evident, but poorly fit at X Band due to large deviations in the 
outer peaks.  The powder simulations (Merbach et al.
26
) of Gd DTPA show blurring of the outer 
peaks at Q Band and different fine structure from the experimental spectrum at X Band.  The Gd 
DOTA fine structure is blurred at Q and X Band.   The fine structure and outer peaks of X, Q and 
L Band spectra of frozen solutions and dehydrated powders of Gd DTPA and Gd DOTA are not 
well simulated   
 Therefore, the values of D are approximate and E gives indeterminate fits. Higher order 
terms of the ZFS are impossible to determine.  As an example, the D value of the Gd DOTA 
frozen solution is small.  If the D matrix is rotated in (Theta, Phi) by (90, 90), this transforms D= 
732, E = 153 into D = -591, E= 290.  This shows that D is actually relatively good as a scalar, 
but the error in E led to the use of the D matrix rotated into another plane.  Even though the sign 
of D was correctly determined, this error in E shows the problem with this technique.  It is only 
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good for order of magnitude measurements.  Hoon Kang‟s values for both systems were 
somewhat low, but surprisingly close.  These low values and the blurring could be due to 
assuming too large an intrinsic linewidth.  Merbach‟s frozen solution spectrum of dilute Gd 
DTPA was very close to my values using either two species or the quartic terms, giving 
additional confirmation to both methods of simulation.  
 The D and E strain percentage was extremely high for the Merbach et al. frozen solution 
and powder spectra.  This was due to the lack of order in the frozen solution spectra and the 
destruction of order in the hydrate powders from dehydration.  It is also clear that the spectral 
simulations were blurred by high D and E strain parameters. The powder spectra thus created 
worse estimates of D and E than the glasses, in general.   
 The Δ (Δ = (2/3)1/2(D2 + 3E2)1/2) of 560 MHz found by Rast16 is smaller than the 
comparable value for hydrated powders (635.6 MHz), but is better than the Δ given by Kang‟s 
frozen solutions (453 MHz) or Merbach‟s frozen solution (465 MHz) or powder work (778 
MHz).  This simulation was not able to determine D and E, but it was more accurate than the 
other techniques at determining the magnitude of the ZFS.  With a more accurate knowledge of 
the terms of the static ZFS, the other parameters used in this simulation
16
 may be fit more 
accurately. 
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Table 2.15: Comparison of D and E values (Rast
16
, Merbach
25
, Kang
12
): 
Merbach‟s powders are by 
Speedvac of solutions 
Frozen 
solution 
Frozen 
solution 
Powder/ 
Crystal 
Powder/ 
Crystal 
Aqueous 
Gd (III) Complex D  E D E Δ 
Gd DOTA-Tucker   -732 -153  
Gd DOTA (MHz)-Merbach  -570 0 900 180  
Gd DOTA (MHz)-Kang 490 150    
Gd DOTA (MHz)-Rast
16 
    560 
Gd DTPA (1 species)   1472.0 471.9  
Gd DTPA (2 species) 1-Tucker   1410 390  
Gd DTPA (2 species) 2-Tucker   1520 480  
Gd DTPA (MHz)-Merbach 1440 390 -870 120  
Gd DTPA (MHz)-Kang 1276 348    
Table 2.16: Comparison of D and E Strain (Merbach
25
): 
Merbach‟s powders are by 
Speedvac of solutions 
Frozen 
solution 
Frozen 
solution 
Powder Powder 
Gd (III) Complex %DStrain %EStrain %DStrain %EStrain 
Gd DOTA-Tucker   1.7 % 1.1 % 
Gd DOTA (MHz)-Merbach  -100% -68 % of D 87 % 67 % 
Gd DTPA (MHz)-Merbach 46 % 54 % -17 % 25 % 
Gd DTPA (1 species)-Tucker   13 % 1 % 
Gd DTPA (2 species) 1-Tucker   7 % 1 % 
Gd DTPA (2 species) 2-Tucker   7 % 1 %  
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6. Conclusion: 
 a. Preliminary Goals: A Consideration: In the goals outlined in the preliminary paper, 
Gd DTPA in Eu DTPA was to be crystallized using 10% Gd in Eu DTPA in solution.  Different 
sizes of crystals were to be extracted and washed individually with water.  Crystals were to be 
subjected to ICP analysis for the percentage of Gd DTPA.  If concentration broadening from Gd 
III centers became a problem, lower initial concentrations were to be used.  Dilute crystals were 
to be ground into powder.  Spectra of these powders were to be taken at different frequencies 
(9.5 GHz, 35 GHz, 95 GHz) and temperatures; multifrequency simulations were to be carried out 
to compare against frozen solution ZFS results, room temperature (dynamic frequency shift) ZFS 
results and Rast and Borel‟s results from multifrequency, multitemperature spectra with 9 
parameters
16
.  Crystals were to be analyzed at different frequencies (9.5 GHz, 35 GHz, 95 GHz) 
to find the D tensor (Dzz, Dyy, Dxx) using multifrequency spectral simulation.    
 b. Accomplishments: In the actual experiments, the crystals were not grown at such high 
percentages.  The strength of instrumental signal was not an issue.  Gd DOTA and EDTA 
crystals were grown in addition to the Gd DTPA crystals, which exceeded plans.  The Gd in Eu 
DTPA and Gd in Eu DOTA powders were submitted for percentage Gd; doping was sufficient 
but low.   
 The powder EDTA spectra could not be could not be simulated consistently between the 
various frequencies, so their results were not reported.  The Gd DTPA powder spectra were fit 
with two different potential sets of parameters, creating a range of possible D and E values; still, 
this was much better than previous studies which yielded only an order of magnitude for the 
ZFS.  The Gd DTPA crystal spectra were not effectively simulated due to the number of broad 
peaks and the use of one plane.  This presents an opportunity for further work.   
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The Gd DOTA powder spectra yielded particularly good values for D and E and 
suggested the need for quartic terms.  The two planes of Gd DOTA crystal spectra allowed very 
precise fitting of D, E, and the quartic terms.  
  Rast and Borel‟s16, Hoon Kang‟s12, and Merbach‟s25 results were generally confirmed 
for overall ZFS to at least an order of magnitude.  The results for Gd DOTA and Gd DTPA 
powders were shown to be much better.   
c. Success of Project:   
 In general, the terms of the static ZFS is now well-fit for these crystalline systems of 
dilute Gd DTPA and dilute Gd DOTA.  Also, the general agreement with most of the results of 
Kang
14
, Merbach
36
, and Rast and Borel
16
 suggest that the crystalline values will be very close to 
the values obtained from very dilute solutions.  The quartic terms used to fit both systems can in 
part be due to effects of the crystal structure on the wavefunctions of Gd III or may be due to the 
interaction of the ligand with the Gd III.  The D and E are unlikely to change much due to effects 
of the crystal structure. Also, the static ZFS squared is in the equation for proton relaxation 
whereas the transient ZFS is not.   
 This means that a good static ZFS‟s for Gd DTPA and Gd DOTA can be used in 
analyzing changes between ligand systems of CA‟s in the electronic correlation time and proton 
relaxation time.  If a reasonable approximation of the transient ZFS was available, this would 
allow study of how overall ZFS affects the proton relaxation time for different CA‟s at different 
temperatures and viscosities.  This would be particularly useful in research into how viscosity 
changes in the body affect proton relaxation; for instance, at the site of an infection or a healing 
cut, does the viscosity change due to the proliferation of macrophages?  Does more open 
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cancerous vasculature create lower viscosities than surrounding normal capillaries? Do these 
affect proton relaxation?  Is it statistically significant to affect contrast in MRI? 
 These possible studies could aid greatly in determining the how to used current CA‟s 
more effectively and in developing a new generation of Gd CA‟s.  In general, this researcher 
considers the project a success which should initiate further research.  
d. Potential Further research:   
 One possible direction of future research is in determining D, E and the quartic terms 
more precisely for dilute Gd systems.  Two planes of data on dilute crystals of Gd in Eu DTPA 
would be useful to determine D and E more precisely.  Slightly higher concentrations of Gd in 
the crystals would be useful for the Gd DTPA system in clearly identifying the 1/2 to 3/2 and -
1/2 to -3/2 transitions.  This might allow the determination of whether chemical inequivalence or 
quartic terms or both are important in fitting this Gd DTPA crystal.  Another option would be to 
attempt to grow different crystals using Yttrium rather than Europium as the host.  These crystals 
may be more ordered, which could lead to less D and E strain.    
 Another possible set of experiments involve creating dilute crystals of other CA‟s, such 
as Gd DO3A.  The crystals would be ground into powders for multifrequency powder 
experiments.  Two planes of crystal spectra would be taken at Q Band.  This would allow clear 
determination of the D, E and other significant terms of the ZFS.  Then the results could be 
compared to other Gd CA‟s.    
 Given similar D and E values for two compounds, relatively small quartic distortions can 
significantly change the EPR signal of the compounds.  This could give valuable insights into the 
molecular electronic structures of a variety of molecular complexes of EPR-sensitive ions.  A 
more complete study of dipolar and quartic terms for various CA‟s could resolve questions about 
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kinetic and thermodynamic stability of similar complexes.  It could also allow interpretation of  
the interplay between the molecular electronic structure and molecular dynamics of these 
complexes.  Particulary, for Gd CA‟s, it could advance the understanding of the effect of the ZFS 
on proton relaxation of inner sphere water hydrogens in MRI.   This could allow for use of EPR 
to test complexes as possible CA‟s and to determine what structural features are important for 
ligands of Gd III.  These could aid in the development of new Gd CA‟s. 
 Clearly, research on transient ZFS for both the Gd DTPA and Gd DOTA systems would 
allow a more complete picture of the relationship between ZFS and MRI proton relaxation.  As 
discussed in the introduction, such research could involve multi-temperature, multifrequency 
studies of the changes in saturation of EPR solution spectra.  In these studies, temperature would 
have to be measured very precisely and held precisely at the same temperature throughout the 
course of the experiment.  The other option would be to vary Brownian motion through slight 
changes in the viscosity of the solution.  The viscosity could be adjusted through creation of 
solutions with precise percentages of glycerol.  Measurements of changes in viscosity of the 
solution could be compared to changes in the linewidth of the EPR spectra.  Potentially, both 
temperature and viscosity could be varied to give double confidence in the changes in Brownian 
motion.   
 The main difficulty is determining the relationship between the longitudinal and 
transverse relaxation times.  The changes in T2 and T1 of Gd III DTPA and DOTA with 
Brownian motional changes could potentially be determined by pulse EPR of the above 
solutions.  These experiments now seem possible because we have a good approximation of the 
main terms of the static ZFS for dilute solutions of Gd DTPA and Gd DOTA. 
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 As suggested above, these above studies may yield valuable information about how 
temperature and viscosity changes in the body affect proton relaxation through the electron 
correlation time; a better understanding of why contrast changes occur could aid greatly in 
diagnosis of cancerous vasculature, infections and healing cuts.   
 The other interesting result of this research would be potentially more esoteric.  Although 
it would seem that simultaneously doubling frequency and temperature (or viscosity) would have 
no effect on linewidth of EPR spectra of samples of CA‟s, this is not true.  The same motions at 
twice the speed are not necessarily present.  The relationship is much more complex, and 
experimental work to date has not clearly validated any theory.  The potential studies on 
Brownian motional dependence of transient ZFS could yield valuable insight into how different 
motional effects contribute to overall Brownian motion at different temperatures and viscosities.  
That is, a detailed study involving very precise changes in temperature and viscosity could be fit 
with several terms, which would allow fitting of individual components of the transient ZFS.  
Individual v‟s could be determined for the largest contributing translational, rotational and 
vibrational motions.  Again, the problem is not a lack of theories; the problem is a lack of clear, 
substantiated experimental evidence.  Only very precise and accurate data sets can be simulated 
with several terms.  Otherwise, it is simply curve-fitting.          
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Chapter 3: EPR of Gd DTPA and VO DTPA 
in LDH 
A. Background 
The second part of my project is an EPR study of Gd DTPA intercalated into layered 
double hydroxides (LDHs) for use as an MRI contrast agent.  As background information, I will 
discuss the history of LDHs and VO DTPA EPR.  In 1842 hydrotalcite was discovered in 
Sweden
42
.  In 1915, the first formula to incorporate carbonate (Mg6Al2(OH)16CO3[4H2O]) was 
proposed by E. Manasse
42
.  In the 1920s, rhombohedral and hexagonal forms of LDH were 
discovered (Aminoff, Broome‟).  Also, catalysis with natural hydrotalcite-like compounds was 
separately started.   
 In 1942, Feitknecht created synthetic LDHs
42
.  He named them double sheet structures, 
incorrectly believing that one hydroxide layer was intercalated with a second hydroxide.  In 
1968-69, Allman and Taylor discovered by X-ray analysis of monocrystals that a layer of anions 
was intercalated into a cation layer
42
.  In 1970, hydrotalcite-like compounds were recognized as 
LDHs.  Since then, LDHs have been used as catalysts for hydrogenation and polymerization 
reactions; as flame retardant, molecular sieves and ion exchangers in industry; as an antacid and 
antipeptide in medicine, and as an adsorbent for halogens and wastewater
42
.
 
  The structure of the 
LDHs is ideally crystalline.  A plane of Mg
2+
 and Al
3+
 ions is above and beneath intercalated 
material.  Before intercalation, counter ions and water are found within the layers.   
 Recently, various LDH‟s have been proposed as a transport mechanism for various 
anions into cells, such as anti-cancer agents and MRI contrast agents.  In vivo experiments have 
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shown the physiological inertness of LDH particles in rats
43
.  LDH appeared to transport DNA, 
ATP and aspirin into cells
17-18, 44
.   We believed that LDH particles entered the cells through 
endocytosis, because positively charged LDHs appear to be vacuoles.  This was the basis for 
early work on this subject
45
.  Lysosomes would then dissolve LDH, releasing intercalated 
materials into cytoplasm.   
 LDHs could then be useful both in transporting anti-cancer agents into cells and in 
monitoring the progression of the cancers through fluorescence (FITC-LDH) or by 600 MHz 
NMR and or MRI using Gd-DTPA LDH as a CA.  However, Louise Lee
19
 found that the LDH 
(AlMg2(NO3)6OH*4H2O) particles did not enter cells and that pH sensitivity could create 
difficulties in using this type of LDH.   
Based on the original understanding that LDH particles would enter into cells, EPR 
research of Gd (III) and VO (II) DTPA in LDH would have built an understanding of the binding 
to LDH of contrast agents for use in MRI and NMR.  This would have helped us better 
understand the chemistry and materials science of LDH particles for use in delivery of contrast 
agents and anti-cancer agents into cancerous vasculature.     
EPR has been used to study the motion of Gd III and VO II DTPA; the vanadyl ion 
shows much greater anisotropy and is thus useful in comparison studies with Gd III complexes.  
John Chen
20, 31
 did a multi-temperature EPR study of VO-DTPA solutions in water to determine 
the use of VO DTPA as an anisotropic replacement for Gd DTPA in certain experiments.  VO 
was chosen because EPR analysis of its anisotropic hyperfine was viewed as a method to study 
motion of Gd DTPA in solution.  Particularly, VO DTPA was seen as a probe for Gd DTPA; if 
the fitting of the anisotropy of the hyperfine was very precise, this could give information about 
the rotational motion of Gd DTPA in solution.  VO DTPA solutions in water and 1:1 sucrose: 
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water solutions showed similar motion to Gd DTPA using simulations.  VO DTPA was studied 
over the range of temperatures from 256K to 327K, approaching the Larmor frequency at the 
upper end and the slow motion regime on the lower end.  ESEEM and NMR D showed that VO 
DTPA has a similar size to Gd DTPA.   
Prof. Clarkson proposed that the rotational motion of the Gd DTPA in LDH was 
anisotropic.  Particularly, he suggested that the LDHs were well ordered structures based on 
XRD
45
.  He assumed that the Gd DTPA that was attached to the LDH was rotationally 
constrained in one direction between the layers of the LDH.  This would lead to anisotropyic 
motion.  The other possibility is that the LDH matrix is not so well structured.  Then, the Gd 
DTPA could be in any of 3 different environments.  In one environment, it would be free to 
rotate in any direction, just as in solution; however, it would face kinetic difficulties in leaving 
the LDH matrix (imagine a maze).  In a second environment, the Gd DTPA is attached to the 
LDH, so it has very little significant rotational motion.  In a third environment, the Gd DTPA is 
rotationally constrained in one direction, as Prof. Clarkson predicted.  
Prof. Clarkson studied the LDH using VO DTPA as a probe for the motion of Gd DTPA.  
Gd DTPA in contrast has weak hyperfine contributions from 2 of its isotopes constituting < 30% 
of its natural abundance.  The other 70 % has no hyperfine.  Prof. Clarkson intercalated the VO 
DTPA into LDH, took the spectrum of VO-DTPA in LDH in Fig. 3.1, and simulated and studied 
the results.    The solid line is the experimental signal and the dashed line is the simulation.  The 
spectrum shows a strong, anisotropic hyperfine interaction with the 
51
V nucleus (I = 7/2). This 
anisotropic hyperfine reveals anisotropic motion; this is seen in the signal and simulation in Fig. 
3.1.  The EPR instrument sees VO-DTPA in solution as rotationally averaged and sees water 
molecule interactions as averaged.  In contrast, VO-DTPA in LDH particles rotate 10-100 times 
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more slowly and very anisotropically (disc-like rotational diffusion) as shown by the simulation.  
This is due to constraint within the LDH particles particularly in the z direction of the particles, 
perpendicular to the layers of metal ions.  This seemed to confirm Prof. Clarkson‟s view, but 
further experiments were necessary. 
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Fig. 3.1: VO-DTPA in LDH at X Band as a probe for Gd DTPA rotational motion 
(Prof. Clarkson): 
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B. Experiment 
 1. Formation of LDH and Gd DTPA in LDH: 
The following describes the general sequence for production of this LDH with possible 
variances; it is based on a method employed by Dr. Kwak, S.W.  Add 2.132 g aluminum nitrate 
(0.01 mol) and 2.969 g magnesium nitrate (0.02 mol) to flat-bottomed flask or beaker with 30 
mL of distilled deionized degassed water and a stir bar.  The LDH was first prepared from a 
solution of mixed metal ions at pH 8-10; pH 9 was optimal for 2:1 ratio of Mg II to Al III.  Stir 
solution as you add 1 M KOH dropwise to raise the pH to 9; be especially careful as pH rises 
above 7 to check pH after every drop with a pH meter.  This is the high end of a buffered range, 
so it is easy to shoot past the desired pH.  Add enough distilled water to increase solution to 
volume of 100 mL.  Be careful that the stirbar is actually stirring if the solution is thick.  
 Also, make sure to check pH approximately 1/2 hour after raising the solution to 
between pH 9 and 10.  The pH drop can take time because formed crystals must dissolve and 
recrystallize with a different ratio of Al:Mg.  Stir the LDH‟s for 3 days at 50 degrees Celcius; 1 
day and 5 day studies incubation periods have been used, but the extra 2 days adds little in size 
and crystal organization, whereas the crystals are ill-formed and small at 1 day.  The solution 
needs to be washed with deionized water 3 times in order to remove excess aluminum and 
magnesium ions.  There are two methods: Dr. Kwak used > 80 Celcius water (which has very 
little carbon dioxide due to the temperature) to wash the LDH‟s.  Do not scald yourself!  
Alternatively, put a small centrifuge in the glove box under N2 and process the LDH‟s with 1mL 
centrifuge tubes; this second process is necessary for the vanadyl intercalation but not for the Gd 
III and allows no contamination. 
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CO2 contamination in the first method is almost impossible to prevent, so, originally, 
LDH was baked in a furnace at 500 K for 5 hours to calcinate the LDH, expelling the CO2, 
creating small pores and plasticizing the crystalline framework.  Afterwards, it was rehydrated 
under nitrogen gas to create better crystals without CO2 contamination.  Adipic acid also was 
used as a wedge to pry apart the LDH layers in order to insert the Gd DTPA.  ICP and CHN 
analysis confirmed the low concentration of Gd DTPA, and EPR spectra showed the leaking.  
 Particles were washed several times with decarbonated water to remove excess Gd 
DTPA.   An EPR spectrum was taken of the suspension.  The sample was centrifuged.  A 
spectrum was taken of the supernatant and compared to the suspension.  This process was 
repeated and confirmed that Gd DTPA did not stay inside the particle but instead was washed off 
by repeated washings.  It was in equilibrium with Gd DTPA in solution.  Either small pores 
created by calcinations never entirely resealed or the adipic acid attached to the LDH structure 
created openings for the Gd-DTPA to exit the structure.   
In the second method, LDH was kept under N2 and decarbonated water was used to 
prevent significant CO2 contamination.  The LDH was again allowed to crystallize for 1-3 days 
before washing (decarbonated water).  We then used pristine LDH particles with an AEC of 5 
times as much Gd DTPA as the particles could hold for 3 hours.  This second process produced 
LDH‟s that did not leak CA and reduced the steps involved.  It is unclear whether the adipic acid 
wedges or the calcination or a combination resulted in unstable intercalation of the CA. 
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2. Formation of Vanadyl DTPA in LDH:  
 This brings us to my work with fellow researchers on VO-DTPA 
(AlMg2(NO3)6OH*4H2O) LDH.  I taught Ryan Haggerty to produce the LDHs, and he produced 
LDHs for many of the experiments on intercalation of Gd DTPA into LDH.  Louise Lee both 
produced LDHs based on my directions and attempted to observe the uptake of LDHs by cells.  
  The following sequence was used to intercalate the vanadyl into the LDH made through 
the method explained above.  On Day 1, vanadyl sulfate was weighed and placed into a dry clean 
vial and sealed.  The water and buffer solution were deoxygenated.  Items listed below were 
placed into the glove box: 
5 large centrifuge tubes, 4 each with a hemocrit tube 
1 bottle of pH 10 standard solution (deoxygenated, sealed with parfilm) 
2 stacks of 10 paper towels (to avoid loss if spill occurs) 
500 mL of water (deionized, deoxygenated in sealed bottle) 
Sealed (2 layers of parafilm) glass vial of 1.29 g vanadyl sulfate 
2 100 mL beaker                                                  500 mL waste water beaker 
1 container of kimwipes                                       2 30 mL beakers 
1 container of parafilm                                         2 50 mL beakers 
2 small (1 cm long) stirbars                                  2 large stir bars (1 inch long) 
1 pH meter and extra probe                                  2 spatulas 
2 thermometers                                                     2 50 mL beakers 
1 sealed glass vial of 2.36 g DTPA                      1 sealed glass vial of 3.0 g KOH 
2 Rubber pipet bulbs                                            10 pipets 
Centrifuge                                                            10 centrifuge tubes  
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Critoseal                                                               1 metal stand with 2 clamps and grips 
Sealed containers were opened under nitrogen in the glove box.  A metal stand was set up with a 
pH meter and beaker with KOH and stirbar. 
On day 2, 15 mL of water was pipetted into a 30 mL beaker with KOH and a stirbar.  It 
was stirred over low heat on a hot/stirplate until dissolved.  All solutions were checked with a 
thermometer to keep the temperature below 80 Celsius to prevent steaming the glovebox.  The 
2.3589 g DTPA and the large stirbar were placed in the 100 mL beaker. KOH was slowly 
pipeted into the 100 mL beaker and the solution was stirred over low heat/no heat alternatively 
on hot/stirplate until dissolved.  The pH meter was used regularly.  Then 1.302 g (0.006 mol) 
vanadyl sulfate*3H20 was added with the spatula into 100 mL beaker solution. It was stirred over 
the hot/stirplate on low/no heat (alternately).    
KOH was pipeted into the solution while checking continuously with pH meter until pH 7 
was reached.  5 mL of thick LDH was added into the solution with a spatula.  The solution was 
stirred over low heat/no heat (alternately) over hot/stirplate for 3 hours.  The solution was 
pipeted into centrifuge tubes which were placed into the centrifuge.  Centrifugation took 2-3 
minutes to sediment most of the LDH.  Water was pipeted into centrifuge tubes until almost 
filled.  LDH was shaken until suspended.  This was repeated until the blue vanadyl DTPA 
stopped washing off the LDH.  Vanadyl DTPA LDH was put into hemocrits by inserting 
hemocrits into centrifuge tubes repeatedly; hemocrits were sealed on both ends with critoseal 
without allowing the critoseal to touch the LDH.   
The above steps were repeated for all of the vanadyl DTPA LDH; excess vanadyl DTPA 
LDH was placed into the last large centrifuge tube using the spatula; every hemocrit was sealed 
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under nitrogen inside a corresponding large centrifuge tube and centrifuge tubes were sealed 
with parafilm. 
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C. Results 
1. EPR of Gd DTPA in LDH: 
ICP, CHN and EPR analysis showed lower concentrations of Gd DTPA in particles than 
concentration of Gd DTPA in solution, but the Gd DTPA could not be washed off of or out of 
the particles.  The structure of the new complex was Mg5Al3[Gd DTPA]0.9OH17.2*4H2O, a 5:3 
rather than the 2:1 ratio of Mg:Al in the original complex.  This indicates a mixture of 2:1 Mg:Al 
and aluminum hydroxide.  This would not affect the signal of the Gd-DTPA or vanadyl DTPA.   
The EPR of Gd-DTPA in pristine LDH (Fig. 3.2) showed a similar signal to free Gd-
DTPA in solution of the supernatant in green.  There was a bump on the side of the spectrum 
which could have been due to Gd-DTPA bound to the outside of the particle, the mixture of 
LDHs, or different degrees of rotational freedom within the LDH.  In Fig 3.3, the calcined LDH 
did not show these two components.  The red line is again the Gd DTPA in LDH obtained by 
subtraction of the supernatant signal.  The green line is the supernatant or free Gd DTPA.  The 
calcined LDH continues to lose Gd DTPA as the supernatant is washed off.   
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Fig. 3.2: EPR of Gd DTPA in pristine LDH (red line) is shown with the supernatant (black 
dashed line) after several washings.  The Gd DTPA remains in the pristine LDH. 
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Fig. 3.3: X Band EPR of Gd DTPA in Calcined, adipic acid-treated LDH (red line) is shown 
with the supernatant signal (black, dashed) from washing Gd DTPA off of the calcined 
LDH.  The Gd DTPA did not remain in the calcined, adipic acid-treated LDH 
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2. EPR of Vanadyl DTPA in LDH 
ICP revealed low percentage doping of VO DTPA into LDH which was similar to the Gd 
DTPA system.  The formula was Mg3Al2(VODTPA)0.8OH10(SO4)*10H2O.  Vanadyl sulfate was 
used as a reagent, so some sulfate was in the lattice with the hydroxide.  X Band EPR 
experiments of vanadyl LDH were conducted at various temperatures (117 K, 278.4 K, 283.0 K, 
288.2 K, 292.9 K, 297.4 K,  302.9 K, 307.3 K, 313.2 K, 319.9 K, 322.8 K).  The motionally 
dependent spectra were not interpretable to date using a program designed by John Chen to 
analyze motion in vanadyl complexes.  The g and A values for vanadyl DTPA in LDH were 
determined from the low temperature spectrum (117 K) which is shown in Fig. 3.4.  These 
values should be expected to be very similar to the rigid limit values John Chen derived from 
sucrose solutions, as the motion alone should vary between VO DTPA in free solution and VO 
DTPA in LDH.  In this rigid limit, there is no significant motion.  The comparison between the 
values is not very good, especially values for g.  There may be effects from the VO DTPA 
binding to the LDH matrix that are not well accounted for. 
Table 3.1: VO DTPA rigid limit g and A values
20 
VO DTPA rigid 
limit EPR 
gxx gyy gzz Axx Ayy Azz 
Tucker (in LDH) 1.9938 1.9910 1.9571 -182 MHz -161 MHz -497 MHz 
Chen (free) 1.981 1.978 1.943 -188.6 MHz -175.5 MHz 508.3 MHz 
Other programs should be considered for analyzing these spectra.  The spectra appear to 
range from fast-motion at 47 C to slow motion at 5 C with a mixture of isotropic and anisotropic 
motion.  The spectra that were not effectively simulated are shown below in Fig. 3.5.  This 
shows the change from a mostly isotropic to significantly anisotropic spectrum as temperature 
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decreases.  This would mean, if effectively simulated, that some vanadyl DTPA complexes are 
becoming more constrained in their motion, particularly in one direction, as temperature 
decreases and motion slows.   
This also suggests that the environment inside these LDH‟s is not very well ordered.  
Some VO DTPA (and Gd DTPA) have different rotational motion than other VO DTPA.  This 
would suggest possibly three different environments within the LDH.  This is yet to be proven; 
however, current results would discourage the use of these LDH‟s for transport of Gd DTPA, 
because the rotational environment would likely vary significantly for the CA in the LDH‟ s in 
the body.  As this rotational motion affects the rotational correlation time which affects proton 
relaxation, this would make it very difficult to analyze the MRI signal.  The only way the LDH 
could be used would be as a transport mechanism that was phagocytosed.  If the Gd DTPA was 
released into the bloodstream in certain areas near an infection, the LDH could possibly be seen 
as a blood pool agent.  Still, this seems improbable.  
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Fig. 3.4: EPR of VO DTPA in LDH at X Band is shown in red with a simulation 
 (dashed, black).  The fit shows the g and A anisotropy at the rigid limit. 
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Fig. 3.5: EPR of VO DTPA in LDH at Various temperatures are shown (278.4 to 
 322.8 K): The likely mixture of slower, anisotropic and faster, isotropic motion is 
 visible in the changing outer peaks. 
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3. Preliminary Goals and Consideration:  
a. Attempts: This paragraph describes the planned research:  
We planned to create LDH particles which were desired to specifically target cancerous 
cells.  We planned to study VO2+ DTPA in LDH using EPR at various temperatures and 
frequencies to determine the rotational state or states of Gd DTPA in LDH.  NMR D and pulsed 
EPR work were originally to be pursued concurrently to understand how Gd DTPA is bound to 
LDH and how this affects its rotational state.  Using this new knowledge of how Gd DTPA is 
bound to LDH we were planning to try to understand the mechanism for release of Gd DTPA 
inside cells.  MRI of Gd3+ DTPA in LDH in cells and animals was an eventual goal for the 
project.   
b. Success: The project was not particularly successful.  Multifrequency vanadyl DTPA 
work was never attempted, and the multitemperature studies at X-Band proved difficult to 
interpret.  Pulsed EPR and NMR D were also never attempted on Gd-DTPA.  The failure of cells 
to absorb LDH (AlMg2(NO3)6OH*4H2O) particles hurt this project. 
 
 
 
 
 
 
 
 
4. Conclusion: 
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The project was not successful as an MRI CA project.  There is no reason to attempt to 
use these LDH‟s intercalated with Gd DTPA as an intracellular MRI CA, because cells do not 
uptake them.  A future project on this research would depend entirely on a vasculature effect 
(using LDH as a blood pool transport agent to target infected or cancerous vasculature), which 
has not been clearly studied.   
The project has yielded interesting results on motional changes of Gd DTPA in LDH with 
temperature.  The two motional components are visible in the Gd DTPA in pristine LDH spectra.    
It is clear from John Chen‟s research that motional changes of VO DTPA can probe motion of 
Gd DTPA.  Thus, the multi-temperature spectra of VO DTPA in LDH probe the motional 
changes of Gd DTPA in LDH.  The spectra suggest a mixture of slower anisotropic and faster 
isotropic motions, whose ratio changes with temperature.  Simulations have not proven this, 
however.  It seems likely that the LDH particles do not have perfectly even crystalline layers.  
Some Gd DTPA ions move very freely.  Others are constrained in one direction.  Potentially, 
others are bound tightly and are rotationally constrained in all directions.  This is not a good 
matrix for consistent motion of Gd DTPA.  Such inconsistent motion would cause problems for 
use of Gd DTPA in pristine LDH as a CA, because the range of rotational motion of the Gd 
DTPA would lead to a range of rotational correlation times and proton relaxation times.  This 
would make for very difficult MRI analysis.  The only possible plan would be to use LDH to 
deposit Gd DTPA in the bloodstream in particular infected or cancerous areas, as the LDH was 
being phagocytosed.  This currently seems unlikely.    
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Appendix: 1: Theoretical background: 
 In 1957 at IBM, A. G. Redfield adjusted the Wangsness-Bloch theory to deal with off-
diagonal elements in density matrix formalism. In 1970, Hudson and Lewis proposed that 
transient zero field splitting should be used to describe the EPR lineshape of Gd III complexes; 
four different relaxation times are necessary to separate the four different spectral lines of 
differing intensities.  In 1974, Poupko46 et. al. diagonalized the relaxation matrix R describing 
fluctuations in the quadratic zero field splitting; he simultaneously used the real eigenvalues to fit 
the EPR line shape and the imaginary eigenvalues to describe the g shift.  In 1993-1996, 
Powell
147
 et. al. developed a formula to interpret simultaneously 17O NMR, H NMR and EPR by 
using empirical formulas, which described both longitudinal and transverse relaxation times.  In 
1998, Clarkson et. al. used Powell‟s formulas to analyze multifrequency EPR data, considering 
that one transition has a much longer relaxation time (T2ei).  Borel and Rast
16, 26 
et. al. then 
thoroughly organized a theoretical basis for Clarkson‟s work.  Using multiple frequency and 
temperature EPR spectra they showed a need to incorporate higher order terms of the static 
crystal field for free Gd III.  Borel
48 et al. then simultaneously analyzed 17O, 1H NMR and EPR 
spectra at multiple temperatures and frequencies.   
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Appendix 2: 1 % Gd in Eu DTPA Crystal Information and 
Figures 
 
 
 
A2.1: Crystal structure of 1 % Gd in Eu DTPA (oxygen-red, carbon-gray, 
nitrogen-blue, europium-green, inner sphere water-pink) b0c facing 
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A2.2: a0c facing 
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A2.3: a0b facing 
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1 % Gd in Eu DTPA  
data_b73a_14  
  
_audit_creation_method            SHELXL-97  
_chemical_name_systematic  
;  
 ?  
;  
_chemical_name_common             ?  
_chemical_melting_point           ?  
_chemical_formula_moiety          ?  
_chemical_formula_sum  
 'C14 H38 Eu N3 Na2 O20'  
_chemical_formula_weight          766.41  
  
loop_  
 _atom_type_symbol  
 _atom_type_description  
 _atom_type_scat_dispersion_real  
 _atom_type_scat_dispersion_imag  
 _atom_type_scat_source  
 'C'  'C'   0.0033   0.0016  
 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'  
 'H'  'H'   0.0000   0.0000  
 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'  
 'N'  'N'   0.0061   0.0033  
 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'  
 'O'  'O'   0.0106   0.0060  
 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'  
 'Na'  'Na'   0.0362   0.0249  
 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'  
 'Eu'  'Eu'  -0.1578   3.6682  
 'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'  
  
_symmetry_cell_setting            ?  
_symmetry_space_group_name_H-M    ?  
  
loop_  
 _symmetry_equiv_pos_as_xyz  
 'x, y, z'  
 '-x+1/2, y+1/2, -z+1/2'  
 '-x, -y, -z'  
 'x-1/2, -y-1/2, z-1/2'  
  
_cell_length_a                    14.952(3)  
_cell_length_b                    18.001(4)  
_cell_length_c                    19.633(4)  
_cell_angle_alpha                 90.00  
_cell_angle_beta                  99.692(4)  
_cell_angle_gamma                 90.00  
_cell_volume                      5208.7(19)  
_cell_formula_units_Z             8  
_cell_measurement_temperature     198(2)  
_cell_measurement_reflns_used     ?  
_cell_measurement_theta_min       ?  
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_cell_measurement_theta_max       ?  
  
_exptl_crystal_description        ?  
_exptl_crystal_colour             ?  
_exptl_crystal_size_max           ?  
_exptl_crystal_size_mid           ?  
_exptl_crystal_size_min           ?  
_exptl_crystal_density_meas       ?  
_exptl_crystal_density_diffrn     1.955  
_exptl_crystal_density_method     'not measured'  
_exptl_crystal_F_000              3104  
_exptl_absorpt_coefficient_mu     2.538  
_exptl_absorpt_correction_type    ?  
_exptl_absorpt_correction_T_min   ?  
_exptl_absorpt_correction_T_max   ?  
_exptl_absorpt_process_details    ?  
  
_exptl_special_details  
;  
 ?  
;  
  
_diffrn_ambient_temperature       198(2)  
_diffrn_radiation_wavelength      0.71073  
_diffrn_radiation_type            MoK\a  
_diffrn_radiation_source          'fine-focus sealed tube'  
_diffrn_radiation_monochromator   graphite  
_diffrn_measurement_device_type   ?  
_diffrn_measurement_method        ?  
_diffrn_detector_area_resol_mean  ?  
_diffrn_standards_number          ?  
_diffrn_standards_interval_count  ?  
_diffrn_standards_interval_time   ?  
_diffrn_standards_decay_%         ?  
_diffrn_reflns_number             76369  
_diffrn_reflns_av_R_equivalents   0.0886  
_diffrn_reflns_av_sigmaI/netI     0.0571  
_diffrn_reflns_limit_h_min        -19  
_diffrn_reflns_limit_h_max        19  
_diffrn_reflns_limit_k_min        -23  
_diffrn_reflns_limit_k_max        23  
_diffrn_reflns_limit_l_min        -26  
_diffrn_reflns_limit_l_max        26  
_diffrn_reflns_theta_min          1.54  
_diffrn_reflns_theta_max          28.29  
_reflns_number_total              12878  
_reflns_number_gt                 9608  
_reflns_threshold_expression      >2sigma(I)  
  
_computing_data_collection        ?  
_computing_cell_refinement        ?  
_computing_data_reduction         ?  
_computing_structure_solution     'SHELXS-97 (Sheldrick, 1990)'  
_computing_structure_refinement   'SHELXL-97 (Sheldrick, 1997)'  
_computing_molecular_graphics     ?  
_computing_publication_material   ?  
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_refine_special_details  
;  
 Refinement of F^2^ against ALL reflections.  The weighted R-factor wR and  
 goodness of fit S are based on F^2^, conventional R-factors R are based  
 on F, with F set to zero for negative F^2^. The threshold expression of  
 F^2^ > 2sigma(F^2^) is used only for calculating R-factors(gt) etc. and is  
 not relevant to the choice of reflections for refinement.  R-factors based  
 on F^2^ are statistically about twice as large as those based on F, and R-  
 factors based on ALL data will be even larger.  
;  
  
_refine_ls_structure_factor_coef  Fsqd   
_refine_ls_matrix_type            full  
_refine_ls_weighting_scheme       calc   
_refine_ls_weighting_details  
 'calc w=1/[\s^2^(Fo^2^)+(0.1000P)^2^+0.0000P] where P=(Fo^2^+2Fc^2^)/3'  
_atom_sites_solution_primary      direct  
_atom_sites_solution_secondary    difmap  
_atom_sites_solution_hydrogens    geom  
_refine_ls_hydrogen_treatment     mixed  
_refine_ls_extinction_method      none  
_refine_ls_extinction_coef        ?  
_refine_ls_number_reflns          12878  
_refine_ls_number_parameters      737  
_refine_ls_number_restraints      80  
_refine_ls_R_factor_all           0.0888  
_refine_ls_R_factor_gt            0.0675  
_refine_ls_wR_factor_ref          0.2148  
_refine_ls_wR_factor_gt           0.2076  
_refine_ls_goodness_of_fit_ref    1.495  
_refine_ls_restrained_S_all       1.491  
_refine_ls_shift/su_max           13.267  
_refine_ls_shift/su_mean          0.509  
  
loop_  
 _atom_site_label  
 _atom_site_type_symbol  
 _atom_site_fract_x  
 _atom_site_fract_y  
 _atom_site_fract_z  
 _atom_site_U_iso_or_equiv  
 _atom_site_adp_type  
 _atom_site_occupancy  
 _atom_site_symmetry_multiplicity  
 _atom_site_calc_flag  
 _atom_site_refinement_flags  
 _atom_site_disorder_assembly  
 _atom_site_disorder_group  
C1 C 0.3452(7) 0.3245(7) 0.6590(10) 0.084(5) Uani 1 1 d . . .  
C2 C 0.3782(7) 0.2605(6) 0.6219(10) 0.092(6) Uani 1 1 d . . .  
C3 C 0.4266(7) 0.4411(6) 0.6557(10) 0.080(5) Uani 1 1 d . A .  
C4 C 0.4614(7) 0.4280(6) 0.5921(8) 0.064(4) Uani 1 1 d . A .  
C5 C 0.5789(7) 0.3598(6) 0.5442(6) 0.054(3) Uani 1 1 d . A .  
C6 C 0.6615(7) 0.3119(6) 0.5665(6) 0.049(3) Uani 1 1 d . A .  
C7 C 0.6219(7) 0.4623(5) 0.6220(7) 0.053(3) Uani 1 1 d . A .  
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C8 C 0.6553(6) 0.4703(5) 0.6984(6) 0.037(2) Uani 1 1 d . A .  
C9 C 0.3975(7) 0.3898(6) 0.7667(10) 0.086(5) Uani 1 1 d . A .  
C10 C 0.4807(7) 0.4094(5) 0.8203(8) 0.065(4) Uani 1 1 d . A .  
C11 C 0.5070(7) 0.2849(6) 0.8700(7) 0.051(3) Uani 1 1 d . A .  
C12 C 0.4516(6) 0.2293(5) 0.8228(7) 0.049(3) Uani 1 1 d . A .  
C13 C 0.6335(6) 0.3665(5) 0.8745(6) 0.044(3) Uani 1 1 d . . .  
C14 C 0.7077(6) 0.3133(5) 0.8616(5) 0.0286(18) Uani 1 1 d . . .  
C15 C 0.6208(6) -0.0584(5) 0.6873(4) 0.0296(18) Uani 1 1 d . . .  
C16 C 0.5665(7) -0.0107(6) 0.6312(5) 0.036(2) Uani 1 1 d . . .  
C17 C 0.6152(5) -0.1103(5) 0.8022(4) 0.0245(17) Uani 1 1 d . . .  
C18 C 0.5535(5) -0.1200(4) 0.8563(4) 0.0245(17) Uani 1 1 d . . .  
C19 C 0.4224(5) -0.0703(5) 0.9004(4) 0.0286(18) Uani 1 1 d . . .  
C20 C 0.3421(5) -0.0176(4) 0.8810(4) 0.0238(16) Uani 1 1 d . . .  
C21 C 0.5463(5) 0.0106(4) 0.8889(4) 0.0221(16) Uani 1 1 d . . .  
C22 C 0.5796(5) 0.0592(4) 0.8353(4) 0.0218(16) Uani 1 1 d . . .  
C23 C 0.5379(6) -0.1741(5) 0.6990(5) 0.033(2) Uani 1 1 d . . .  
C24 C 0.4763(7) -0.1690(5) 0.6289(5) 0.041(2) Uani 1 1 d . . .  
C25 C 0.3418(8) -0.0994(7) 0.5704(5) 0.060(4) Uani 1 1 d DU . .  
C26 C 0.2592(10) -0.0594(12) 0.5915(7) 0.028(3) Uani 0.547(11) 1 d PDU A 1  
C27 C 0.3253(7) -0.1928(6) 0.6565(7) 0.059(3) Uani 1 1 d . . .  
C28 C 0.3308(6) -0.1982(5) 0.7329(6) 0.042(3) Uani 1 1 d . . .  
N1 N 0.4200(5) 0.3716(5) 0.6986(7) 0.067(4) Uani 1 1 d . . .  
N2 N 0.5556(5) 0.3998(4) 0.6038(5) 0.045(2) Uani 1 1 d . . .  
N3 N 0.5445(5) 0.3443(4) 0.8318(5) 0.046(2) Uani 1 1 d . . .  
N4 N 0.5624(5) -0.1003(4) 0.7301(4) 0.0242(14) Uani 1 1 d . . .  
N5 N 0.4937(4) -0.0546(3) 0.8593(3) 0.0199(13) Uani 1 1 d . . .  
N6 N 0.3866(5) -0.1367(4) 0.6364(4) 0.042(2) Uani 1 1 d . A .  
O1 O 0.4622(5) 0.2548(4) 0.6179(5) 0.062(2) Uani 1 1 d . A .  
O2 O 0.3198(6) 0.2131(5) 0.5959(8) 0.130(6) Uani 1 1 d . . .  
O3 O 0.6762(4) 0.2888(4) 0.6279(4) 0.0398(16) Uani 1 1 d . . .  
O4 O 0.7105(6) 0.2962(5) 0.5210(4) 0.059(2) Uani 1 1 d . . .  
O5 O 0.6432(4) 0.4160(3) 0.7364(4) 0.0413(17) Uani 1 1 d . . .  
O6 O 0.6928(4) 0.5305(3) 0.7196(4) 0.0460(18) Uani 1 1 d . . .  
O7 O 0.4677(4) 0.2236(3) 0.7615(4) 0.0428(17) Uani 1 1 d . . .  
O8 O 0.3951(5) 0.1906(4) 0.8479(5) 0.064(2) Uani 1 1 d . . .  
O9 O 0.6939(4) 0.2740(3) 0.8062(3) 0.0261(12) Uani 1 1 d . . .  
O10 O 0.7790(5) 0.3116(4) 0.9044(3) 0.0369(15) Uani 1 1 d . . .  
O11 O 0.4842(4) 0.0058(3) 0.6352(3) 0.0278(13) Uani 1 1 d . . .  
O12 O 0.6081(6) 0.0137(7) 0.5861(4) 0.093(4) Uani 1 1 d . . .  
O13 O 0.3317(4) 0.0126(3) 0.8219(3) 0.0276(13) Uani 1 1 d . . .  
O14 O 0.2905(4) -0.0074(4) 0.9240(3) 0.0341(14) Uani 1 1 d . . .  
O15 O 0.5368(4) 0.0566(3) 0.7733(3) 0.0204(11) Uani 1 1 d . . .  
O16 O 0.6469(4) 0.1020(3) 0.8551(3) 0.0311(14) Uani 1 1 d . . .  
O17 O 0.2708(8) -0.0265(15) 0.6496(6) 0.028(3) Uani 0.547(11) 1 d PDU A 1  
O18 O 0.1863(9) -0.0523(9) 0.5482(7) 0.034(3) Uani 0.547(11) 1 d PDU A 1  
C26A C 0.2918(14) -0.0267(8) 0.5797(7) 0.029(3) Uani 0.453(11) 1 d PDU A 2  
O17A O 0.2787(9) -0.0185(19) 0.6418(7) 0.025(3) Uani 0.453(11) 1 d PDU A 2  
O18A O 0.2541(9) 0.0120(7) 0.5290(7) 0.034(3) Uani 0.453(11) 1 d PDU A 2  
O19 O 0.3589(4) -0.1407(3) 0.7682(4) 0.0375(15) Uani 1 1 d . . .  
O20 O 0.3053(5) -0.2561(4) 0.7580(6) 0.070(3) Uani 1 1 d . . .  
O21 O 0.6151(4) 0.1657(3) 0.7031(3) 0.0248(12) Uani 1 1 d . . .  
O22 O 0.3664(4) 0.1065(3) 0.7074(3) 0.0292(13) Uani 1 1 d . . .  
Eu1 Eu 0.57401(3) 0.30001(2) 0.71054(3) 0.03295(15) Uani 1 1 d . A .  
Eu2 Eu 0.41267(2) -0.02618(2) 0.73087(2) 0.01931(13) Uani 1 1 d D A .  
Na1 Na 0.7575(2) 0.15169(17) 0.79116(16) 0.0245(7) Uani 1 1 d . . .  
Na2 Na 0.2612(2) 0.13247(19) 0.7937(2) 0.0435(10) Uani 1 1 d . . .  
  
151 
 
Na3 Na 0.1561(5) 0.2063(4) 0.6383(4) 0.105(2) Uani 1 1 d . . .  
Na4 Na 0.2581(5) 0.1584(4) 0.5138(3) 0.028(2) Uani 0.483(12) 1 d P . 1  
O23 O 0.8643(4) 0.1782(4) 0.9008(4) 0.0406(16) Uani 1 1 d . . .  
O24 O 0.8129(5) 0.1922(4) 0.6858(5) 0.0499(19) Uani 1 1 d . . .  
O25 O 0.1938(4) 0.1211(4) 0.8993(3) 0.0382(15) Uani 1 1 d . . .  
O26 O 0.1616(5) 0.0805(4) 0.7003(5) 0.055(2) Uani 1 1 d . A .  
O27 O 0.1482(8) 0.2679(6) 0.5241(6) 0.105(4) Uani 1 1 d . . .  
O28 O 0.1260(13) 0.0952(7) 0.5445(6) 0.141(6) Uani 1 1 d . . .  
O29 O 0.0144(9) 0.1751(10) 0.6149(14) 0.237(10) Uani 1 1 d . A .  
O30 O 0.2486(6) 0.3933(5) 0.4806(4) 0.077(3) Uani 1 1 d . . .  
O31 O 0.5094(6) 0.3728(5) 0.3361(5) 0.075(3) Uani 1 1 d . . .  
O32 O -0.2027(7) 0.0515(5) 0.6199(6) 0.092(4) Uani 1 1 d . . .  
O33 O -0.1401(7) 0.2171(10) 0.5093(8) 0.158(7) Uani 1 1 d . . .  
O34 O -0.0228(7) 0.0894(6) 0.7075(7) 0.107(4) Uani 1 1 d . . .  
O35 O -0.0385(9) 0.3238(7) 0.4811(8) 0.123(4) Uani 1 1 d . . .  
O36 O 0.0321(12) 0.3541(6) 0.0437(10) 0.208(11) Uani 1 1 d . B 1  
O37 O 0.3688(9) 0.0683(9) 0.5213(7) 0.034(3) Uani 0.483(12) 1 d P . 1  
Na4A Na 0.3515(5) 0.1048(5) 0.4936(4) 0.032(2) Uani 0.517(12) 1 d P . 2  
O29A O -0.0612(10) 0.1756(8) 0.5926(7) 0.174(4) Uiso 1 1 d . . .  
  
loop_  
 _atom_site_aniso_label  
 _atom_site_aniso_U_11  
 _atom_site_aniso_U_22  
 _atom_site_aniso_U_33  
 _atom_site_aniso_U_23  
 _atom_site_aniso_U_13  
 _atom_site_aniso_U_12  
C1 0.017(5) 0.038(6) 0.188(16) 0.035(8) -0.010(7) -0.008(4)  
C2 0.029(6) 0.036(6) 0.188(17) 0.052(8) -0.047(8) -0.014(5)  
C3 0.021(5) 0.024(5) 0.188(15) 0.038(7) -0.005(7) 0.006(4)  
C4 0.020(5) 0.036(6) 0.127(12) 0.031(7) -0.014(6) 0.005(4)  
C5 0.044(6) 0.029(5) 0.075(8) 0.016(5) -0.027(6) -0.006(4)  
C6 0.032(5) 0.035(5) 0.072(7) 0.022(5) -0.014(5) -0.011(4)  
C7 0.034(5) 0.018(5) 0.099(9) 0.015(5) -0.012(5) -0.008(4)  
C8 0.021(4) 0.019(4) 0.072(7) 0.012(4) 0.007(4) 0.001(3)  
C9 0.017(5) 0.036(6) 0.213(17) 0.035(8) 0.047(8) 0.009(4)  
C10 0.035(6) 0.014(5) 0.154(12) -0.005(6) 0.043(7) 0.003(4)  
C11 0.034(5) 0.027(5) 0.096(9) -0.004(5) 0.026(6) -0.012(4)  
C12 0.017(4) 0.019(4) 0.113(10) 0.005(5) 0.010(5) -0.003(3)  
C13 0.032(5) 0.023(4) 0.083(8) -0.019(5) 0.027(5) -0.007(4)  
C14 0.028(4) 0.021(4) 0.040(5) 0.004(3) 0.016(4) -0.005(3)  
C15 0.029(4) 0.028(5) 0.031(4) 0.007(4) 0.005(3) 0.009(3)  
C16 0.043(5) 0.042(5) 0.024(5) 0.004(4) 0.010(4) 0.021(4)  
C17 0.021(4) 0.029(4) 0.024(4) 0.002(3) 0.004(3) 0.008(3)  
C18 0.016(4) 0.022(4) 0.036(5) 0.008(3) 0.009(3) 0.009(3)  
C19 0.021(4) 0.026(4) 0.040(5) 0.011(4) 0.010(3) 0.002(3)  
C20 0.017(4) 0.016(4) 0.038(5) 0.005(3) 0.005(3) -0.001(3)  
C21 0.021(4) 0.022(4) 0.023(4) -0.001(3) 0.001(3) -0.010(3)  
C22 0.021(4) 0.020(4) 0.025(4) 0.003(3) 0.005(3) 0.003(3)  
C23 0.043(5) 0.015(4) 0.037(5) -0.012(3) -0.001(4) 0.009(4)  
C24 0.041(5) 0.028(5) 0.046(6) -0.021(4) -0.014(4) 0.019(4)  
C25 0.065(7) 0.061(7) 0.040(6) -0.032(5) -0.032(5) 0.042(6)  
C26 0.030(5) 0.020(6) 0.031(5) -0.003(5) -0.006(4) -0.005(5)  
C27 0.034(6) 0.033(6) 0.098(9) -0.036(6) -0.022(6) -0.001(4)  
C28 0.021(4) 0.022(5) 0.077(8) -0.009(5) -0.005(4) 0.000(3)  
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N1 0.006(3) 0.025(4) 0.169(11) 0.026(6) 0.011(5) 0.001(3)  
N2 0.027(4) 0.016(4) 0.082(6) 0.013(4) -0.019(4) -0.005(3)  
N3 0.023(4) 0.012(3) 0.108(7) -0.005(4) 0.025(4) -0.001(3)  
N4 0.030(4) 0.013(3) 0.030(4) 0.000(3) 0.007(3) 0.006(3)  
N5 0.015(3) 0.014(3) 0.030(4) 0.002(3) 0.003(3) 0.004(2)  
N6 0.036(4) 0.033(4) 0.048(5) -0.020(4) -0.017(4) 0.006(3)  
O1 0.040(4) 0.028(4) 0.099(6) 0.023(4) -0.040(4) -0.013(3)  
O2 0.058(6) 0.035(5) 0.254(15) 0.068(7) -0.094(8) -0.031(4)  
O3 0.029(3) 0.033(4) 0.053(4) 0.022(3) -0.003(3) -0.003(3)  
O4 0.055(5) 0.061(5) 0.058(5) 0.030(4) -0.001(4) 0.002(4)  
O5 0.031(3) 0.016(3) 0.075(5) 0.006(3) 0.003(3) -0.009(2)  
O6 0.032(4) 0.019(3) 0.086(5) 0.003(3) 0.006(4) -0.008(3)  
O7 0.022(3) 0.020(3) 0.087(6) 0.004(3) 0.009(3) -0.005(2)  
O8 0.037(4) 0.038(4) 0.114(7) 0.025(4) 0.009(4) -0.019(3)  
O9 0.023(3) 0.018(3) 0.035(3) -0.006(2) 0.001(2) 0.001(2)  
O10 0.052(4) 0.033(3) 0.024(3) 0.004(3) 0.003(3) 0.002(3)  
O11 0.033(3) 0.026(3) 0.024(3) 0.001(2) 0.004(2) 0.012(2)  
O12 0.074(6) 0.162(10) 0.055(5) 0.072(6) 0.046(5) 0.080(7)  
O13 0.027(3) 0.021(3) 0.035(3) 0.005(2) 0.006(2) 0.005(2)  
O14 0.029(3) 0.032(3) 0.045(4) 0.011(3) 0.016(3) 0.008(3)  
O15 0.022(3) 0.016(3) 0.021(3) -0.001(2) -0.003(2) -0.003(2)  
O16 0.030(3) 0.037(3) 0.022(3) 0.006(2) -0.007(2) -0.021(3)  
O17 0.027(4) 0.020(7) 0.033(4) -0.002(4) -0.006(4) -0.001(4)  
O18 0.035(5) 0.027(6) 0.035(5) -0.002(5) -0.006(4) -0.003(5)  
C26A 0.032(5) 0.019(5) 0.032(5) 0.000(4) 0.000(4) -0.001(4)  
O17A 0.025(5) 0.018(7) 0.030(5) 0.000(5) -0.003(4) 0.000(5)  
O18A 0.038(6) 0.027(5) 0.037(5) 0.007(5) 0.005(5) 0.003(5)  
O19 0.033(3) 0.017(3) 0.058(4) -0.002(3) -0.004(3) -0.006(3)  
O20 0.041(4) 0.016(3) 0.151(9) -0.008(4) 0.007(5) -0.008(3)  
O21 0.025(3) 0.017(3) 0.032(3) 0.002(2) 0.004(2) -0.004(2)  
O22 0.019(3) 0.013(3) 0.055(4) 0.000(3) 0.005(3) 0.000(2)  
Eu1 0.0142(2) 0.0120(2) 0.0688(4) 0.00537(18) -0.00417(19) -0.00153(14)  
Eu2 0.0182(2) 0.01259(19) 0.0253(2) -0.00201(14) -0.00167(14) 0.00085(13)  
Na1 0.0246(16) 0.0174(15) 0.0311(17) 0.0002(13) 0.0034(13) 0.0014(12)  
Na2 0.0199(17) 0.0184(17) 0.092(3) 0.0093(18) 0.0098(18) 0.0034(13)  
Na3 0.088(5) 0.097(5) 0.135(6) -0.009(4) 0.029(4) -0.006(4)  
Na4 0.032(4) 0.032(4) 0.019(4) 0.001(3) -0.001(3) -0.003(3)  
O23 0.029(3) 0.036(4) 0.055(4) 0.003(3) 0.001(3) -0.006(3)  
O24 0.030(4) 0.039(4) 0.082(6) 0.003(4) 0.016(4) 0.003(3)  
O25 0.034(3) 0.027(3) 0.050(4) -0.001(3) -0.002(3) 0.009(3)  
O26 0.027(4) 0.035(4) 0.098(6) 0.006(4) 0.001(4) 0.012(3)  
O27 0.123(9) 0.060(7) 0.111(9) -0.030(6) -0.040(7) 0.016(6)  
O28 0.254(19) 0.091(9) 0.066(8) 0.010(7) -0.013(9) -0.012(10)  
O29 0.041(7) 0.153(15) 0.48(3) 0.039(18) -0.059(12) 0.019(8)  
O30 0.075(6) 0.084(6) 0.057(5) -0.039(5) -0.029(4) 0.054(5)  
O31 0.046(5) 0.067(6) 0.104(8) 0.019(6) -0.011(5) -0.003(4)  
O32 0.082(7) 0.040(5) 0.130(9) -0.023(5) -0.052(7) 0.014(5)  
O33 0.042(6) 0.290(19) 0.137(11) -0.093(12) 0.001(6) 0.026(8)  
O34 0.052(6) 0.089(8) 0.180(12) -0.059(8) 0.016(7) 0.000(5)  
O35 0.140(11) 0.092(10) 0.142(11) -0.037(9) 0.032(9) -0.013(8)  
O36 0.281(19) 0.059(7) 0.37(2) -0.093(11) 0.30(2) -0.083(10)  
O37 0.037(8) 0.031(8) 0.032(7) 0.012(7) -0.002(6) 0.001(6)  
Na4A 0.036(4) 0.033(5) 0.028(4) -0.002(3) 0.006(3) 0.000(3)  
  
_geom_special_details  
;  
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 All esds (except the esd in the dihedral angle between two l.s. planes)  
 are estimated using the full covariance matrix.  The cell esds are taken  
 into account individually in the estimation of esds in distances, angles  
 and torsion angles; correlations between esds in cell parameters are only  
 used when they are defined by crystal symmetry.  An approximate (isotropic)  
 treatment of cell esds is used for estimating esds involving l.s. planes.  
;  
  
loop_  
 _geom_bond_atom_site_label_1  
 _geom_bond_atom_site_label_2  
 _geom_bond_distance  
 _geom_bond_site_symmetry_2  
 _geom_bond_publ_flag  
C1 N1 1.510(16) . ?  
C1 C2 1.49(2) . ?  
C2 O2 1.265(14) . ?  
C2 O1 1.276(15) . ?  
C2 Na4 3.134(16) . ?  
C2 Eu1 3.224(11) . ?  
C3 C4 1.45(2) . ?  
C3 N1 1.522(15) . ?  
C4 N2 1.479(12) . ?  
C5 N2 1.465(16) . ?  
C5 C6 1.509(14) . ?  
C6 O3 1.260(13) . ?  
C6 O4 1.278(15) . ?  
C7 N2 1.502(11) . ?  
C7 C8 1.506(16) . ?  
C8 O6 1.258(11) . ?  
C8 O5 1.260(11) . ?  
C9 N1 1.47(2) . ?  
C9 C10 1.53(2) . ?  
C10 N3 1.504(12) . ?  
C11 N3 1.470(13) . ?  
C11 C12 1.512(15) . ?  
C12 O7 1.271(14) . ?  
C12 O8 1.258(12) . ?  
C13 N3 1.503(13) . ?  
C13 C14 1.519(12) . ?  
C13 Na4 3.071(14) 4_666 ?  
C14 O10 1.242(11) . ?  
C14 O9 1.285(11) . ?  
C14 Na4 2.999(11) 4_666 ?  
C15 N4 1.511(11) . ?  
C15 C16 1.520(12) . ?  
C16 O12 1.244(12) . ?  
C16 O11 1.282(11) . ?  
C17 N4 1.511(11) . ?  
C17 C18 1.529(11) . ?  
C18 N5 1.486(9) . ?  
C19 N5 1.468(10) . ?  
C19 C20 1.528(11) . ?  
C20 O14 1.250(10) . ?  
C20 O13 1.268(10) . ?  
C21 N5 1.477(9) . ?  
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C21 C22 1.516(11) . ?  
C22 O16 1.274(9) . ?  
C22 O15 1.278(9) . ?  
C23 N4 1.482(10) . ?  
C23 C24 1.525(13) . ?  
C24 N6 1.492(12) . ?  
C25 C26A 1.532(16) . ?  
C25 N6 1.511(13) . ?  
C25 C26 1.546(16) . ?  
C26 O17 1.270(11) . ?  
C26 O18 1.270(10) . ?  
C27 N6 1.462(15) . ?  
C27 C28 1.493(18) . ?  
C28 O20 1.240(13) . ?  
C28 O19 1.276(11) . ?  
C28 Na3 3.036(14) 2_546 ?  
N1 Eu1 2.614(8) . ?  
N2 Eu1 2.739(8) . ?  
N3 Eu1 2.618(10) . ?  
N4 Eu2 2.608(7) . ?  
N5 Eu2 2.657(6) . ?  
N6 Eu2 2.704(7) . ?  
O1 Eu1 2.395(7) . ?  
O2 Na4 1.980(14) . ?  
O2 Na3 2.716(15) . ?  
O2 Na4A 2.895(17) . ?  
O3 Eu1 2.416(7) . ?  
O5 Eu1 2.348(6) . ?  
O6 Na1 2.327(7) 2_656 ?  
O7 Eu1 2.440(7) . ?  
O8 Na2 2.350(9) . ?  
O9 Eu1 2.413(6) . ?  
O9 Na1 2.436(6) . ?  
O10 Na4 2.286(9) 4_666 ?  
O10 Na4A 2.422(11) 4_666 ?  
O11 Eu2 2.384(6) . ?  
O12 Na4A 2.771(13) 3_656 ?  
O13 Eu2 2.423(6) . ?  
O13 Na2 2.425(6) . ?  
O15 Eu2 2.416(5) . ?  
O16 Na1 2.410(6) . ?  
O17 Eu2 2.430(8) . ?  
C26A O17A 1.276(11) . ?  
C26A O18A 1.268(11) . ?  
C26A Eu2 3.204(15) . ?  
O17A Eu2 2.431(8) . ?  
O18A Na4A 2.394(16) . ?  
O19 Eu2 2.374(6) . ?  
O20 Na3 2.132(14) 2_546 ?  
O20 Na2 2.387(8) 2_546 ?  
O21 Eu1 2.505(5) . ?  
O21 Na1 2.519(6) . ?  
O22 Eu2 2.508(5) . ?  
O22 Na2 2.542(7) . ?  
Eu1 Na1 3.962(3) . ?  
Eu2 Na2 3.968(4) . ?  
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Na1 O6 2.327(7) 2_646 ?  
Na1 O24 2.465(9) . ?  
Na1 O23 2.500(7) . ?  
Na2 O26 2.352(9) . ?  
Na2 O20 2.387(8) 2_556 ?  
Na2 O25 2.461(8) . ?  
Na2 Na3 3.453(10) . ?  
Na3 O20 2.132(14) 2_556 ?  
Na3 O29 2.165(16) . ?  
Na3 O27 2.486(15) . ?  
Na3 O26 2.566(11) . ?  
Na3 O28 2.704(15) . ?  
Na3 C28 3.036(14) 2_556 ?  
Na3 Na4 3.209(10) . ?  
Na4 O10 2.286(9) 4_565 ?  
Na4 O37 2.305(17) . ?  
Na4 O28 2.442(19) . ?  
Na4 O27 2.595(13) . ?  
Na4 C14 2.999(11) 4_565 ?  
Na4 C13 3.071(14) 4_565 ?  
O29 O29A 1.141(18) . ?  
Na4A O10 2.422(11) 4_565 ?  
Na4A O12 2.771(13) 3_656 ?  
  
loop_  
 _geom_angle_atom_site_label_1  
 _geom_angle_atom_site_label_2  
 _geom_angle_atom_site_label_3  
 _geom_angle  
 _geom_angle_site_symmetry_1  
 _geom_angle_site_symmetry_3  
 _geom_angle_publ_flag  
N1 C1 C2 114.1(9) . . ?  
O2 C2 O1 122.7(16) . . ?  
O2 C2 C1 117.1(13) . . ?  
O1 C2 C1 120.1(10) . . ?  
O2 C2 Na4 18.9(9) . . ?  
O1 C2 Na4 111.7(11) . . ?  
C1 C2 Na4 125.8(7) . . ?  
O2 C2 Eu1 150.3(8) . . ?  
O1 C2 Eu1 40.2(7) . . ?  
C1 C2 Eu1 84.9(7) . . ?  
Na4 C2 Eu1 149.3(6) . . ?  
C4 C3 N1 114.2(11) . . ?  
C3 C4 N2 113.1(10) . . ?  
N2 C5 C6 110.0(9) . . ?  
O3 C6 O4 124.6(10) . . ?  
O3 C6 C5 117.9(11) . . ?  
O4 C6 C5 117.5(10) . . ?  
N2 C7 C8 113.8(9) . . ?  
O6 C8 O5 124.9(10) . . ?  
O6 C8 C7 117.8(9) . . ?  
O5 C8 C7 117.3(8) . . ?  
N1 C9 C10 113.2(8) . . ?  
N3 C10 C9 110.2(9) . . ?  
N3 C11 C12 112.7(11) . . ?  
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O7 C12 O8 125.0(11) . . ?  
O7 C12 C11 117.5(9) . . ?  
O8 C12 C11 117.5(12) . . ?  
N3 C13 C14 110.0(7) . . ?  
N3 C13 Na4 143.6(7) . 4_666 ?  
C14 C13 Na4 72.9(6) . 4_666 ?  
O10 C14 O9 123.9(8) . . ?  
O10 C14 C13 118.1(8) . . ?  
O9 C14 C13 118.0(8) . . ?  
O10 C14 Na4 44.5(4) . 4_666 ?  
O9 C14 Na4 156.2(6) . 4_666 ?  
C13 C14 Na4 78.2(6) . 4_666 ?  
N4 C15 C16 113.4(7) . . ?  
O12 C16 O11 124.2(8) . . ?  
O12 C16 C15 116.5(8) . . ?  
O11 C16 C15 119.2(8) . . ?  
N4 C17 C18 112.5(6) . . ?  
N5 C18 C17 112.1(6) . . ?  
N5 C19 C20 110.9(6) . . ?  
O14 C20 O13 124.1(7) . . ?  
O14 C20 C19 118.2(7) . . ?  
O13 C20 C19 117.7(7) . . ?  
N5 C21 C22 113.6(6) . . ?  
O16 C22 O15 123.7(7) . . ?  
O16 C22 C21 118.2(7) . . ?  
O15 C22 C21 118.0(7) . . ?  
N4 C23 C24 112.8(7) . . ?  
N6 C24 C23 110.5(8) . . ?  
C26A C25 N6 115.6(9) . . ?  
C26A C25 C26 30.9(9) . . ?  
N6 C25 C26 103.7(10) . . ?  
O17 C26 O18 121.8(13) . . ?  
O17 C26 C25 117.6(11) . . ?  
O18 C26 C25 120.1(12) . . ?  
N6 C27 C28 112.7(8) . . ?  
O20 C28 O19 124.2(12) . . ?  
O20 C28 C27 119.0(10) . . ?  
O19 C28 C27 116.8(9) . . ?  
O20 C28 Na3 34.4(6) . 2_546 ?  
O19 C28 Na3 92.2(7) . 2_546 ?  
C27 C28 Na3 149.2(7) . 2_546 ?  
C9 N1 C1 109.3(10) . . ?  
C9 N1 C3 111.5(10) . . ?  
C1 N1 C3 106.7(11) . . ?  
C9 N1 Eu1 111.2(7) . . ?  
C1 N1 Eu1 109.5(7) . . ?  
C3 N1 Eu1 108.4(6) . . ?  
C5 N2 C4 113.2(9) . . ?  
C5 N2 C7 108.8(9) . . ?  
C4 N2 C7 110.7(8) . . ?  
C5 N2 Eu1 106.4(5) . . ?  
C4 N2 Eu1 108.3(7) . . ?  
C7 N2 Eu1 109.4(6) . . ?  
C11 N3 C13 106.7(9) . . ?  
C11 N3 C10 110.9(8) . . ?  
C13 N3 C10 110.8(8) . . ?  
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C11 N3 Eu1 112.3(6) . . ?  
C13 N3 Eu1 108.6(5) . . ?  
C10 N3 Eu1 107.5(8) . . ?  
C23 N4 C15 110.2(7) . . ?  
C23 N4 C17 109.4(6) . . ?  
C15 N4 C17 108.7(6) . . ?  
C23 N4 Eu2 107.9(5) . . ?  
C15 N4 Eu2 109.0(4) . . ?  
C17 N4 Eu2 111.7(5) . . ?  
C21 N5 C19 108.9(6) . . ?  
C21 N5 C18 111.2(6) . . ?  
C19 N5 C18 111.6(6) . . ?  
C21 N5 Eu2 110.3(4) . . ?  
C19 N5 Eu2 107.5(5) . . ?  
C18 N5 Eu2 107.2(5) . . ?  
C27 N6 C24 111.9(8) . . ?  
C27 N6 C25 109.4(9) . . ?  
C24 N6 C25 111.4(9) . . ?  
C27 N6 Eu2 110.3(6) . . ?  
C24 N6 Eu2 109.0(5) . . ?  
C25 N6 Eu2 104.6(5) . . ?  
C2 O1 Eu1 119.7(10) . . ?  
C2 O2 Na4 149.1(14) . . ?  
C2 O2 Na3 120.2(13) . . ?  
Na4 O2 Na3 84.7(4) . . ?  
C2 O2 Na4A 123.5(13) . . ?  
Na4 O2 Na4A 37.7(4) . . ?  
Na3 O2 Na4A 116.3(4) . . ?  
C6 O3 Eu1 125.9(7) . . ?  
C8 O5 Eu1 131.6(7) . . ?  
C8 O6 Na1 155.3(7) . 2_656 ?  
C12 O7 Eu1 125.7(6) . . ?  
C12 O8 Na2 130.3(9) . . ?  
C14 O9 Eu1 123.0(5) . . ?  
C14 O9 Na1 126.1(5) . . ?  
Eu1 O9 Na1 109.6(2) . . ?  
C14 O10 Na4 113.1(6) . 4_666 ?  
C14 O10 Na4A 134.7(6) . 4_666 ?  
Na4 O10 Na4A 44.7(3) 4_666 4_666 ?  
C16 O11 Eu2 123.8(5) . . ?  
C16 O12 Na4A 108.2(9) . 3_656 ?  
C20 O13 Eu2 123.5(5) . . ?  
C20 O13 Na2 124.9(5) . . ?  
Eu2 O13 Na2 109.9(2) . . ?  
C22 O15 Eu2 125.7(5) . . ?  
C22 O16 Na1 129.9(5) . . ?  
C26 O17 Eu2 124.3(11) . . ?  
O17A C26A O18A 124.6(16) . . ?  
O17A C26A C25 111.7(16) . . ?  
O18A C26A C25 122.5(13) . . ?  
O17A C26A Eu2 42.9(8) . . ?  
O18A C26A Eu2 146.4(12) . . ?  
C25 C26A Eu2 84.4(7) . . ?  
C26A O17A Eu2 116.1(12) . . ?  
C26A O18A Na4A 113.6(13) . . ?  
C28 O19 Eu2 129.4(7) . . ?  
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C28 O20 Na3 126.4(8) . 2_546 ?  
C28 O20 Na2 132.2(9) . 2_546 ?  
Na3 O20 Na2 99.5(4) 2_546 2_546 ?  
Eu1 O21 Na1 104.1(2) . . ?  
Eu2 O22 Na2 103.6(2) . . ?  
O5 Eu1 O1 133.8(2) . . ?  
O5 Eu1 O3 85.0(2) . . ?  
O1 Eu1 O3 84.4(3) . . ?  
O5 Eu1 O9 76.2(2) . . ?  
O1 Eu1 O9 148.9(2) . . ?  
O3 Eu1 O9 92.0(2) . . ?  
O5 Eu1 O7 134.9(3) . . ?  
O1 Eu1 O7 72.6(3) . . ?  
O3 Eu1 O7 139.2(2) . . ?  
O9 Eu1 O7 91.2(2) . . ?  
O5 Eu1 O21 140.2(2) . . ?  
O1 Eu1 O21 77.0(2) . . ?  
O3 Eu1 O21 72.0(2) . . ?  
O9 Eu1 O21 72.59(18) . . ?  
O7 Eu1 O21 70.3(2) . . ?  
O5 Eu1 N3 70.6(2) . . ?  
O1 Eu1 N3 126.2(3) . . ?  
O3 Eu1 N3 149.1(2) . . ?  
O9 Eu1 N3 64.4(2) . . ?  
O7 Eu1 N3 65.0(2) . . ?  
O21 Eu1 N3 115.3(2) . . ?  
O5 Eu1 N1 86.0(2) . . ?  
O1 Eu1 N1 66.9(3) . . ?  
O3 Eu1 N1 128.9(3) . . ?  
O9 Eu1 N1 133.9(3) . . ?  
O7 Eu1 N1 71.9(2) . . ?  
O21 Eu1 N1 133.7(2) . . ?  
N3 Eu1 N1 69.5(4) . . ?  
O5 Eu1 N2 64.3(2) . . ?  
O1 Eu1 N2 71.0(2) . . ?  
O3 Eu1 N2 62.3(2) . . ?  
O9 Eu1 N2 133.5(2) . . ?  
O7 Eu1 N2 134.0(2) . . ?  
O21 Eu1 N2 125.6(2) . . ?  
N3 Eu1 N2 119.1(3) . . ?  
N1 Eu1 N2 68.6(3) . . ?  
O5 Eu1 C2 129.8(3) . . ?  
O1 Eu1 C2 20.1(4) . . ?  
O3 Eu1 C2 103.8(4) . . ?  
O9 Eu1 C2 149.9(3) . . ?  
O7 Eu1 C2 60.1(3) . . ?  
O21 Eu1 C2 88.0(3) . . ?  
N3 Eu1 C2 106.3(4) . . ?  
N1 Eu1 C2 49.8(4) . . ?  
N2 Eu1 C2 76.5(3) . . ?  
O5 Eu1 Na1 105.25(17) . . ?  
O1 Eu1 Na1 114.97(18) . . ?  
O3 Eu1 Na1 74.83(15) . . ?  
O9 Eu1 Na1 35.39(14) . . ?  
O7 Eu1 Na1 84.90(16) . . ?  
O21 Eu1 Na1 38.07(13) . . ?  
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N3 Eu1 Na1 93.05(19) . . ?  
N1 Eu1 Na1 155.2(2) . . ?  
N2 Eu1 Na1 136.16(19) . . ?  
C2 Eu1 Na1 124.9(2) . . ?  
O19 Eu2 O11 132.3(2) . . ?  
O19 Eu2 O13 77.6(2) . . ?  
O11 Eu2 O13 149.1(2) . . ?  
O19 Eu2 O15 135.20(19) . . ?  
O11 Eu2 O15 72.65(19) . . ?  
O13 Eu2 O15 91.08(19) . . ?  
O19 Eu2 O17A 89.5(8) . . ?  
O11 Eu2 O17A 81.0(6) . . ?  
O13 Eu2 O17A 93.5(4) . . ?  
O15 Eu2 O17A 134.8(9) . . ?  
O19 Eu2 O17 84.1(7) . . ?  
O11 Eu2 O17 86.6(5) . . ?  
O13 Eu2 O17 89.8(4) . . ?  
O15 Eu2 O17 139.7(7) . . ?  
O17A Eu2 O17 6.0(12) . . ?  
O19 Eu2 O22 141.9(2) . . ?  
O11 Eu2 O22 76.8(2) . . ?  
O13 Eu2 O22 72.8(2) . . ?  
O15 Eu2 O22 69.43(18) . . ?  
O17A Eu2 O22 69.2(8) . . ?  
O17 Eu2 O22 72.4(6) . . ?  
O19 Eu2 N4 83.9(2) . . ?  
O11 Eu2 N4 67.6(2) . . ?  
O13 Eu2 N4 133.4(2) . . ?  
O15 Eu2 N4 72.9(2) . . ?  
O17A Eu2 N4 129.0(5) . . ?  
O17 Eu2 N4 130.6(4) . . ?  
O22 Eu2 N4 134.2(2) . . ?  
O19 Eu2 N5 70.3(2) . . ?  
O11 Eu2 N5 126.95(19) . . ?  
O13 Eu2 N5 63.92(19) . . ?  
O15 Eu2 N5 65.85(18) . . ?  
O17A Eu2 N5 151.9(6) . . ?  
O17 Eu2 N5 146.2(5) . . ?  
O22 Eu2 N5 115.2(2) . . ?  
N4 Eu2 N5 69.6(2) . . ?  
O19 Eu2 N6 63.6(3) . . ?  
O11 Eu2 N6 70.7(2) . . ?  
O13 Eu2 N6 133.3(2) . . ?  
O15 Eu2 N6 134.7(2) . . ?  
O17A Eu2 N6 62.7(6) . . ?  
O17 Eu2 N6 62.5(5) . . ?  
O22 Eu2 N6 124.8(2) . . ?  
N4 Eu2 N6 69.2(2) . . ?  
N5 Eu2 N6 120.0(2) . . ?  
O19 Eu2 C26A 96.7(4) . . ?  
O11 Eu2 C26A 61.9(4) . . ?  
O13 Eu2 C26A 114.2(4) . . ?  
O15 Eu2 C26A 127.0(4) . . ?  
O17A Eu2 C26A 20.9(4) . . ?  
O17 Eu2 C26A 25.6(6) . . ?  
O22 Eu2 C26A 74.8(3) . . ?  
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N4 Eu2 C26A 110.1(3) . . ?  
N5 Eu2 C26A 167.0(4) . . ?  
N6 Eu2 C26A 50.8(3) . . ?  
O19 Eu2 Na2 106.77(17) . . ?  
O11 Eu2 Na2 115.24(15) . . ?  
O13 Eu2 Na2 35.07(14) . . ?  
O15 Eu2 Na2 83.97(14) . . ?  
O17A Eu2 Na2 74.8(5) . . ?  
O17 Eu2 Na2 74.0(4) . . ?  
O22 Eu2 Na2 38.50(15) . . ?  
N4 Eu2 Na2 154.85(16) . . ?  
N5 Eu2 Na2 92.11(15) . . ?  
N6 Eu2 Na2 135.96(17) . . ?  
C26A Eu2 Na2 91.6(3) . . ?  
O6 Na1 O16 87.5(3) 2_646 . ?  
O6 Na1 O9 174.9(3) 2_646 . ?  
O16 Na1 O9 87.5(2) . . ?  
O6 Na1 O24 92.5(3) 2_646 . ?  
O16 Na1 O24 154.7(3) . . ?  
O9 Na1 O24 91.6(2) . . ?  
O6 Na1 O23 95.2(3) 2_646 . ?  
O16 Na1 O23 91.0(2) . . ?  
O9 Na1 O23 85.9(2) . . ?  
O24 Na1 O23 114.2(3) . . ?  
O6 Na1 O21 106.1(2) 2_646 . ?  
O16 Na1 O21 79.6(2) . . ?  
O9 Na1 O21 72.0(2) . . ?  
O24 Na1 O21 76.0(2) . . ?  
O23 Na1 O21 156.2(2) . . ?  
O6 Na1 Eu1 143.7(2) 2_646 . ?  
O16 Na1 Eu1 88.20(17) . . ?  
O9 Na1 Eu1 35.01(14) . . ?  
O24 Na1 Eu1 76.90(18) . . ?  
O23 Na1 Eu1 120.94(19) . . ?  
O21 Na1 Eu1 37.83(13) . . ?  
O8 Na2 O26 155.5(4) . . ?  
O8 Na2 O20 94.6(3) . 2_556 ?  
O26 Na2 O20 80.8(3) . 2_556 ?  
O8 Na2 O13 89.3(3) . . ?  
O26 Na2 O13 91.0(3) . . ?  
O20 Na2 O13 168.2(4) 2_556 . ?  
O8 Na2 O25 95.3(3) . . ?  
O26 Na2 O25 109.2(3) . . ?  
O20 Na2 O25 103.1(3) 2_556 . ?  
O13 Na2 O25 87.6(2) . . ?  
O8 Na2 O22 79.0(3) . . ?  
O26 Na2 O22 77.8(3) . . ?  
O20 Na2 O22 97.6(3) 2_556 . ?  
O13 Na2 O22 72.2(2) . . ?  
O25 Na2 O22 158.9(3) . . ?  
O8 Na2 Na3 117.1(3) . . ?  
O26 Na2 Na3 48.0(2) . . ?  
O20 Na2 Na3 37.5(3) 2_556 . ?  
O13 Na2 Na3 131.3(2) . . ?  
O25 Na2 Na3 125.9(2) . . ?  
O22 Na2 Na3 73.9(2) . . ?  
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O8 Na2 Eu2 88.5(2) . . ?  
O26 Na2 Eu2 78.0(2) . . ?  
O20 Na2 Eu2 133.7(3) 2_556 . ?  
O13 Na2 Eu2 35.05(15) . . ?  
O25 Na2 Eu2 122.53(19) . . ?  
O22 Na2 Eu2 37.90(13) . . ?  
Na3 Na2 Eu2 101.60(16) . . ?  
O20 Na3 O29 112.5(8) 2_556 . ?  
O20 Na3 O27 133.2(4) 2_556 . ?  
O29 Na3 O27 91.6(8) . . ?  
O20 Na3 O26 81.0(4) 2_556 . ?  
O29 Na3 O26 79.9(6) . . ?  
O27 Na3 O26 144.5(5) . . ?  
O20 Na3 O2 99.5(5) 2_556 . ?  
O29 Na3 O2 147.8(8) . . ?  
O27 Na3 O2 67.2(4) . . ?  
O26 Na3 O2 103.1(3) . . ?  
O20 Na3 O28 150.7(5) 2_556 . ?  
O29 Na3 O28 67.6(7) . . ?  
O27 Na3 O28 74.8(4) . . ?  
O26 Na3 O28 70.1(4) . . ?  
O2 Na3 O28 83.1(5) . . ?  
O20 Na3 C28 19.2(3) 2_556 2_556 ?  
O29 Na3 C28 104.3(7) . 2_556 ?  
O27 Na3 C28 119.0(4) . 2_556 ?  
O26 Na3 C28 96.4(4) . 2_556 ?  
O2 Na3 C28 107.1(4) . 2_556 ?  
O28 Na3 C28 164.9(5) . 2_556 ?  
O20 Na3 Na4 136.6(4) 2_556 . ?  
O29 Na3 Na4 110.0(8) . . ?  
O27 Na3 Na4 52.4(3) . . ?  
O26 Na3 Na4 98.2(3) . . ?  
O2 Na3 Na4 37.9(3) . . ?  
O28 Na3 Na4 47.8(4) . . ?  
C28 Na3 Na4 144.5(3) 2_556 . ?  
O20 Na3 Na2 43.0(3) 2_556 . ?  
O29 Na3 Na2 111.8(7) . . ?  
O27 Na3 Na2 156.1(4) . . ?  
O26 Na3 Na2 42.9(2) . . ?  
O2 Na3 Na2 89.3(3) . . ?  
O28 Na3 Na2 108.4(4) . . ?  
C28 Na3 Na2 61.7(2) 2_556 . ?  
Na4 Na3 Na2 111.5(2) . . ?  
O2 Na4 O10 122.0(5) . 4_565 ?  
O2 Na4 O37 93.8(5) . . ?  
O10 Na4 O37 90.9(5) 4_565 . ?  
O2 Na4 O28 108.4(6) . . ?  
O10 Na4 O28 125.9(4) 4_565 . ?  
O37 Na4 O28 105.0(6) . . ?  
O2 Na4 O27 76.9(4) . . ?  
O10 Na4 O27 94.7(4) 4_565 . ?  
O37 Na4 O27 170.7(5) . . ?  
O28 Na4 O27 77.6(5) . . ?  
O2 Na4 C14 137.0(5) . 4_565 ?  
O10 Na4 C14 22.4(2) 4_565 4_565 ?  
O37 Na4 C14 103.9(5) . 4_565 ?  
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O28 Na4 C14 104.3(4) . 4_565 ?  
O27 Na4 C14 83.8(4) . 4_565 ?  
O2 Na4 C13 158.0(4) . 4_565 ?  
O10 Na4 C13 50.0(3) 4_565 4_565 ?  
O37 Na4 C13 106.0(4) . 4_565 ?  
O28 Na4 C13 76.0(4) . 4_565 ?  
O27 Na4 C13 83.3(3) . 4_565 ?  
C14 Na4 C13 28.9(2) 4_565 4_565 ?  
O2 Na4 C2 11.9(5) . . ?  
O10 Na4 C2 110.1(4) 4_565 . ?  
O37 Na4 C2 92.6(5) . . ?  
O28 Na4 C2 120.1(5) . . ?  
O27 Na4 C2 78.5(4) . . ?  
C14 Na4 C2 126.4(4) 4_565 . ?  
C13 Na4 C2 151.7(4) 4_565 . ?  
O2 Na4 Na3 57.4(5) . . ?  
O10 Na4 Na3 144.1(4) 4_565 . ?  
O37 Na4 Na3 124.6(5) . . ?  
O28 Na4 Na3 55.2(4) . . ?  
O27 Na4 Na3 49.3(3) . . ?  
C14 Na4 Na3 129.9(3) 4_565 . ?  
C13 Na4 Na3 115.0(3) 4_565 . ?  
C2 Na4 Na3 67.5(4) . . ?  
Na2 O26 Na3 89.1(3) . . ?  
Na3 O27 Na4 78.3(4) . . ?  
Na4 O28 Na3 77.0(5) . . ?  
O29A O29 Na3 161.8(17) . . ?  
O18A Na4A O10 115.0(5) . 4_565 ?  
O18A Na4A O12 80.1(5) . 3_656 ?  
O10 Na4A O12 100.6(3) 4_565 3_656 ?  
O18A Na4A O2 95.1(5) . . ?  
O10 Na4A O2 88.8(3) 4_565 . ?  
O12 Na4A O2 170.6(4) 3_656 . ?  
  
_diffrn_measured_fraction_theta_max    0.996  
_diffrn_reflns_theta_full              28.29  
_diffrn_measured_fraction_theta_full   0.996  
_refine_diff_density_max    2.791  
_refine_diff_density_min   -2.313  
_refine_diff_density_rms    0.231 
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Appendix 3: 2 % Gd in Eu DOTA Crystal Information and 
Figures 
 
 
 
 
A3.1: Crystal structure of 2% Gd in Eu DOTA (oxygen-red, carbon-gray, 
nitrogen-blue, europium-green, inner sphere water-pink) a0b opposite 
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A3.2: Crystal structure of 2% Gd in Eu DOTA (oxygen-red, carbon-gray, 
nitrogen-blue, europium-green, inner sphere water-pink) a0c facing 
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A3.3: Crystal structure of 2% Gd in Eu DOTA (oxygen-red, carbon-gray, 
nitrogen-blue, europium-green, inner sphere water-pink) b0c facing 
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Table  A3.1:  Crystal data and structure refinement for ba56das. 
Identification code  ba56das 
Empirical formula  C16 H34 Eu0.98 Gd0.02 N4 Na O13 
Formula weight  665.53 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1    
Unit cell dimensions a = 8.6670(3) Å = 82.932(2)°. 
 b = 9.1576(3) Å = 85.201(2)°. 
 c = 15.7061(5) Å  = 81.311(2)°. 
Volume 1220.21(7) Å3 
Z 2 
Density (calculated) 1.811 Mg/m3 
Absorption coefficient 2.662 mm-1 
F(000) 672 
Crystal size 0.55 x 0.20 x 0.06 mm3 
Theta range for data collection 2.26 to 29.88°. 
Index ranges -10<=h<=12, -10<=k<=12, -21<=l<=21 
Reflections collected 22751 
Independent reflections 7003 [R(int) = 0.0226] 
Completeness to theta = 29.88° 99.8 %  
Absorption correction Integration 
Max. And min. transmission 0.9048 and 0.5460 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7003 / 37 / 392 
Goodness-of-fit on F2 1.074 
Final R indices [I>2sigma(I)] R1 = 0.0175, wR2 = 0.0435 
R indices (all data) R1 = 0.0192, wR2 = 0.0442 
Largest diff. peak and hole 1.261 and -0.591 e.Å-3 
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Table  A3.2:  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for ba56das.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
C(1) 2402(2) 5594(2) 1977(1) 20(1) 
C(2) 3834(2) 4747(2) 2409(1) 21(1) 
C(3) 4811(2) 2639(2) 3414(1) 20(1) 
C(4) 4905(2) 1344(2) 2880(1) 21(1) 
C(5) 3511(2) -419(2) 2332(1) 21(1) 
C(6) 3039(2) 471(2) 1490(1) 22(1) 
C(7) 1309(2) 2542(2) 819(1) 21(1) 
C(8) 2070(2) 3862(2) 980(1) 22(1) 
C(9) -200(2) 5395(2) 1575(1) 21(1) 
C(10) -1479(2) 4392(2) 1686(1) 20(1) 
C(11) 3038(2) 4714(2) 3930(1) 20(1) 
C(12) 1358(2) 5493(2) 3945(1) 19(1) 
C(13) 3542(2) -389(2) 3867(1) 20(1) 
C(14) 2778(2) 419(2) 4617(1) 17(1) 
C(15) 236(2) 389(2) 1545(1) 22(1) 
C(16) -310(2) -327(2) 2428(1) 20(1) 
N(1) 1361(2) 4562(2) 1755(1) 17(1) 
N(2) 3437(2) 3793(2) 3211(1) 17(1) 
N(3) 3500(2) 553(2) 3027(1) 17(1) 
N(4) 1453(2) 1353(2) 1563(1) 18(1) 
Eu(1) 907(1) 2515(1) 3072(1) 13(1) 
Gd(1) 907(1) 2515(1) 3072(1) 13(1) 
O(1) -1321(1) 3296(1) 2263(1) 22(1) 
O(2) -2596(2) 4708(2) 1214(1) 29(1) 
O(3) 358(1) 4848(1) 3642(1) 20(1) 
O(4) 1038(2) 6690(1) 4266(1) 26(1) 
O(5) 1857(1) 1624(1) 4451(1) 20(1) 
O(6) 3036(2) -166(1) 5361(1) 23(1) 
O(7) 64(1) 156(1) 3095(1) 20(1) 
O(8) -1149(2) -1321(1) 2444(1) 29(1) 
O(9) -1406(2) 2564(1) 4106(1) 21(1) 
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Table A3:2 (continued) 
Na(1) 1299(1) 1765(1) 5998(1) 27(1) 
O(10) 2777(2) 3726(2) 6197(1) 50(1) 
O(11) 6262(7) 2310(4) 727(3) 39(1) 
O(12) 5227(13) 7162(11) 725(6) 29(1) 
O(13) 7100(12) 9230(11) 978(8) 32(1) 
O(14) 6820(20) 2275(14) 465(12) 45(3) 
O(15) 5360(40) 7220(40) 896(18) 27(3) 
O(16) 6830(40) 9450(40) 1050(30) 33(3) 
________________________________________________________________________________
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Table A3.3:   Bond lengths [Å] and angles [°] for ba56das. 
_____________________________________________________ 
C(1)-N(1)  1.490(2) 
C(1)-C(2)  1.524(2) 
C(1)-H(1A)  0.9900 
C(1)-H(1B)  0.9900 
C(2)-N(2)  1.489(2) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-N(2)  1.495(2) 
C(3)-C(4)  1.523(2) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-N(3)  1.496(2) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-N(3)  1.490(2) 
C(5)-C(6)  1.519(2) 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(6)-N(4)  1.489(2) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-N(4)  1.495(2) 
C(7)-C(8)  1.518(2) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-N(1)  1.489(2) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-N(1)  1.480(2) 
C(9)-C(10)  1.529(2) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-O(2)  1.247(2) 
C(10)-O(1)  1.265(2) 
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Table A3.3: (continued) 
C(11)-N(2)  1.479(2) 
C(11)-C(12)  1.521(2) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-O(4)  1.2458(19) 
C(12)-O(3)  1.273(2) 
C(13)-N(3)  1.485(2) 
C(13)-C(14)  1.519(2) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(14)-O(6)  1.2486(19) 
C(14)-O(5)  1.272(2) 
C(15)-N(4)  1.478(2) 
C(15)-C(16)  1.528(2) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-O(8)  1.245(2) 
C(16)-O(7)  1.2697(19) 
N(1)-Eu(1)  2.6606(13) 
N(2)-Eu(1)  2.6726(14) 
N(3)-Eu(1)  2.6588(14) 
N(4)-Eu(1)  2.6936(13) 
Eu(1)-O(1)  2.3714(12) 
Eu(1)-O(7)  2.3783(11) 
Eu(1)-O(3)  2.3840(11) 
Eu(1)-O(5)  2.3869(11) 
Eu(1)-O(9)  2.4708(12) 
O(4)-Na(1)#1  2.3254(15) 
O(5)-Na(1)  2.4523(13) 
O(6)-Na(1)  2.4020(14) 
O(7)-Na(1)#2  2.5000(14) 
O(8)-Na(1)#2  2.4266(15) 
O(9)-H(9C)  0.811(15) 
O(9)-H(9D)  0.818(15) 
Na(1)-O(4)#1  2.3254(15) 
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Table A3.3: (continued) 
Na(1)-O(10)  2.422(2) 
Na(1)-O(8)#2  2.4266(15) 
Na(1)-O(7)#2  2.5000(14) 
O(10)-H(10A)  0.810(17) 
O(10)-H(10B)  0.848(16) 
O(11)-H(11C)  0.816(18) 
O(11)-H(11D)  0.817(18) 
O(12)-H(12A)  0.847(18) 
O(12)-H(12B)  0.846(18) 
O(13)-H(13C)  0.825(18) 
O(13)-H(13D)  0.814(18) 
O(14)-H(14A)  0.84(2) 
O(14)-H(14B)  0.84(2) 
O(15)-H(15C)  0.84(2) 
O(15)-H(15D)  0.84(2) 
O(16)-H(16A)  0.84(2) 
O(16)-H(16B)  0.84(2) 
 
N(1)-C(1)-C(2) 111.43(13) 
N(1)-C(1)-H(1A) 109.3 
C(2)-C(1)-H(1A) 109.3 
N(1)-C(1)-H(1B) 109.3 
C(2)-C(1)-H(1B) 109.3 
H(1A)-C(1)-H(1B) 108.0 
N(2)-C(2)-C(1) 113.35(13) 
N(2)-C(2)-H(2A) 108.9 
C(1)-C(2)-H(2A) 108.9 
N(2)-C(2)-H(2B) 108.9 
C(1)-C(2)-H(2B) 108.9 
H(2A)-C(2)-H(2B) 107.7 
N(2)-C(3)-C(4) 111.58(13) 
N(2)-C(3)-H(3A) 109.3 
C(4)-C(3)-H(3A) 109.3 
N(2)-C(3)-H(3B) 109.3 
C(4)-C(3)-H(3B) 109.3 
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Table A3.3: (continued) 
H(3A)-C(3)-H(3B) 108.0 
N(3)-C(4)-C(3) 113.35(13) 
N(3)-C(4)-H(4A) 108.9 
C(3)-C(4)-H(4A) 108.9 
N(3)-C(4)-H(4B) 108.9 
C(3)-C(4)-H(4B) 108.9 
H(4A)-C(4)-H(4B) 107.7 
N(3)-C(5)-C(6) 111.87(13) 
N(3)-C(5)-H(5A) 109.2 
C(6)-C(5)-H(5A) 109.2 
N(3)-C(5)-H(5B) 109.2 
C(6)-C(5)-H(5B) 109.2 
H(5A)-C(5)-H(5B) 107.9 
N(4)-C(6)-C(5) 112.85(13) 
N(4)-C(6)-H(6A) 109.0 
C(5)-C(6)-H(6A) 109.0 
N(4)-C(6)-H(6B) 109.0 
C(5)-C(6)-H(6B) 109.0 
H(6A)-C(6)-H(6B) 107.8 
N(4)-C(7)-C(8) 111.10(13) 
N(4)-C(7)-H(7A) 109.4 
C(8)-C(7)-H(7A) 109.4 
N(4)-C(7)-H(7B) 109.4 
C(8)-C(7)-H(7B) 109.4 
H(7A)-C(7)-H(7B) 108.0 
N(1)-C(8)-C(7) 112.98(13) 
N(1)-C(8)-H(8A) 109.0 
C(7)-C(8)-H(8A) 109.0 
N(1)-C(8)-H(8B) 109.0 
C(7)-C(8)-H(8B) 109.0 
H(8A)-C(8)-H(8B) 107.8 
N(1)-C(9)-C(10) 112.45(13) 
N(1)-C(9)-H(9A) 109.1 
C(10)-C(9)-H(9A) 109.1 
N(1)-C(9)-H(9B) 109.1 
  
173 
 
Table A3.3: (continued) 
C(10)-C(9)-H(9B) 109.1 
H(9A)-C(9)-H(9B) 107.8 
O(2)-C(10)-O(1) 124.76(16) 
O(2)-C(10)-C(9) 118.49(15) 
O(1)-C(10)-C(9) 116.74(15) 
N(2)-C(11)-C(12) 112.82(13) 
N(2)-C(11)-H(11A) 109.0 
C(12)-C(11)-H(11A) 109.0 
N(2)-C(11)-H(11B) 109.0 
C(12)-C(11)-H(11B) 109.0 
H(11A)-C(11)-H(11B) 107.8 
O(4)-C(12)-O(3) 124.20(16) 
O(4)-C(12)-C(11) 118.80(15) 
O(3)-C(12)-C(11) 116.98(14) 
N(3)-C(13)-C(14) 113.68(13) 
N(3)-C(13)-H(13A) 108.8 
C(14)-C(13)-H(13A) 108.8 
N(3)-C(13)-H(13B) 108.8 
C(14)-C(13)-H(13B) 108.8 
H(13A)-C(13)-H(13B) 107.7 
O(6)-C(14)-O(5) 123.65(15) 
O(6)-C(14)-C(13) 118.18(14) 
O(5)-C(14)-C(13) 118.10(14) 
N(4)-C(15)-C(16) 114.55(13) 
N(4)-C(15)-H(15A) 108.6 
C(16)-C(15)-H(15A) 108.6 
N(4)-C(15)-H(15B) 108.6 
C(16)-C(15)-H(15B) 108.6 
H(15A)-C(15)-H(15B) 107.6 
O(8)-C(16)-O(7) 123.96(15) 
O(8)-C(16)-C(15) 117.27(14) 
O(7)-C(16)-C(15) 118.72(14) 
C(9)-N(1)-C(8) 109.77(13) 
C(9)-N(1)-C(1) 109.83(12) 
C(8)-N(1)-C(1) 108.89(12) 
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Table A3.3: (continued) 
C(9)-N(1)-Eu(1) 106.36(9) 
C(8)-N(1)-Eu(1) 111.15(9) 
C(1)-N(1)-Eu(1) 110.82(9) 
C(11)-N(2)-C(2) 109.78(13) 
C(11)-N(2)-C(3) 109.75(12) 
C(2)-N(2)-C(3) 109.14(12) 
C(11)-N(2)-Eu(1) 105.88(9) 
C(2)-N(2)-Eu(1) 111.67(9) 
C(3)-N(2)-Eu(1) 110.57(9) 
C(13)-N(3)-C(5) 108.67(12) 
C(13)-N(3)-C(4) 110.13(13) 
C(5)-N(3)-C(4) 109.04(12) 
C(13)-N(3)-Eu(1) 107.70(9) 
C(5)-N(3)-Eu(1) 111.26(10) 
C(4)-N(3)-Eu(1) 110.01(9) 
C(15)-N(4)-C(6) 110.36(13) 
C(15)-N(4)-C(7) 109.23(13) 
C(6)-N(4)-C(7) 108.59(12) 
C(15)-N(4)-Eu(1) 105.74(9) 
C(6)-N(4)-Eu(1) 111.61(9) 
C(7)-N(4)-Eu(1) 111.27(9) 
O(1)-Eu(1)-O(7) 82.02(4) 
O(1)-Eu(1)-O(3) 87.11(4) 
O(7)-Eu(1)-O(3) 144.23(4) 
O(1)-Eu(1)-O(5) 146.47(4) 
O(7)-Eu(1)-O(5) 86.43(4) 
O(3)-Eu(1)-O(5) 84.13(4) 
O(1)-Eu(1)-O(9) 73.18(4) 
O(7)-Eu(1)-O(9) 74.81(4) 
O(3)-Eu(1)-O(9) 69.42(4) 
O(5)-Eu(1)-O(9) 73.43(4) 
O(1)-Eu(1)-N(3) 138.50(4) 
O(7)-Eu(1)-N(3) 74.19(4) 
O(3)-Eu(1)-N(3) 131.02(4) 
O(5)-Eu(1)-N(3) 65.85(4) 
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Table A3.3: (continued) 
O(9)-Eu(1)-N(3) 129.55(4) 
O(1)-Eu(1)-N(1) 66.43(4) 
O(7)-Eu(1)-N(1) 129.93(4) 
O(3)-Eu(1)-N(1) 74.15(4) 
O(5)-Eu(1)-N(1) 140.03(4) 
O(9)-Eu(1)-N(1) 126.02(4) 
N(3)-Eu(1)-N(1) 104.40(4) 
O(1)-Eu(1)-N(2) 131.65(4) 
O(7)-Eu(1)-N(2) 142.25(4) 
O(3)-Eu(1)-N(2) 65.74(4) 
O(5)-Eu(1)-N(2) 72.65(4) 
O(9)-Eu(1)-N(2) 125.45(4) 
N(3)-Eu(1)-N(2) 68.68(4) 
N(1)-Eu(1)-N(2) 67.93(4) 
O(1)-Eu(1)-N(4) 71.87(4) 
O(7)-Eu(1)-N(4) 66.04(4) 
O(3)-Eu(1)-N(4) 141.16(4) 
O(5)-Eu(1)-N(4) 130.66(4) 
O(9)-Eu(1)-N(4) 130.09(4) 
N(3)-Eu(1)-N(4) 67.53(4) 
N(1)-Eu(1)-N(4) 67.61(4) 
N(2)-Eu(1)-N(4) 104.41(4) 
C(10)-O(1)-Eu(1) 125.66(11) 
C(12)-O(3)-Eu(1) 125.21(10) 
C(12)-O(4)-Na(1)#1 120.43(12) 
C(14)-O(5)-Eu(1) 124.70(10) 
C(14)-O(5)-Na(1) 89.50(9) 
Eu(1)-O(5)-Na(1) 143.49(6) 
C(14)-O(6)-Na(1) 92.38(10) 
C(16)-O(7)-Eu(1) 123.07(10) 
C(16)-O(7)-Na(1)#2 89.17(9) 
Eu(1)-O(7)-Na(1)#2 144.12(5) 
C(16)-O(8)-Na(1)#2 93.16(10) 
Eu(1)-O(9)-H(9C) 119.3(16) 
Eu(1)-O(9)-H(9D) 115.2(16) 
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Table A3.3: (continued) 
H(9C)-O(9)-H(9D) 107.5(19) 
O(4)#1-Na(1)-O(6) 139.43(5) 
O(4)#1-Na(1)-O(10) 96.04(6) 
O(6)-Na(1)-O(10) 108.56(6) 
O(4)#1-Na(1)-O(8)#2 102.16(6) 
O(6)-Na(1)-O(8)#2 111.59(5) 
O(10)-Na(1)-O(8)#2 84.71(6) 
O(4)#1-Na(1)-O(5) 90.37(5) 
O(6)-Na(1)-O(5) 54.47(4) 
O(10)-Na(1)-O(5) 100.26(6) 
O(8)#2-Na(1)-O(5) 166.03(6) 
O(4)#1-Na(1)-O(7)#2 92.60(5) 
O(6)-Na(1)-O(7)#2 89.93(5) 
O(10)-Na(1)-O(7)#2 138.24(6) 
O(8)#2-Na(1)-O(7)#2 53.54(4) 
O(5)-Na(1)-O(7)#2 120.50(5) 
Na(1)-O(10)-H(10A) 101(3) 
Na(1)-O(10)-H(10B) 82.9(17) 
H(10A)-O(10)-H(10B) 106(2) 
H(11C)-O(11)-H(11D) 110(3) 
H(12A)-O(12)-H(12B) 103(3) 
H(13C)-O(13)-H(13D) 110(3) 
H(14A)-O(14)-H(14B) 105(3) 
H(15C)-O(15)-H(15D) 106(3) 
H(16A)-O(16)-H(16B) 106(3) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y+1,-z+1    #2 -x,-y,-z+1      
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Table A3.4:   Anisotropic displacement parameters (Å2x 103)for ba56das.  The anisotropic 
displacement factor exponent takes the form: -22[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
______________________________________________________________________________ 
C(1) 20(1)  21(1) 20(1)  2(1) -2(1)  -5(1) 
C(2) 17(1)  25(1) 22(1)  1(1) -1(1)  -5(1) 
C(3) 12(1)  23(1) 23(1)  -2(1) -4(1)  0(1) 
C(4) 15(1)  24(1) 23(1)  -2(1) 0(1)  1(1) 
C(5) 23(1)  20(1) 20(1)  -6(1) -2(1)  5(1) 
C(6) 22(1)  25(1) 17(1)  -5(1) -1(1)  4(1) 
C(7) 24(1)  24(1) 13(1)  -2(1) -1(1)  -1(1) 
C(8) 25(1)  25(1) 16(1)  -1(1) 2(1)  -4(1) 
C(9) 21(1)  20(1) 21(1)  2(1) -5(1)  1(1) 
C(10) 18(1)  22(1) 18(1)  -4(1) -2(1)  2(1) 
C(11) 18(1)  22(1) 23(1)  -6(1) -4(1)  -2(1) 
C(12) 22(1)  17(1) 16(1)  -1(1) -1(1)  -2(1) 
C(13) 22(1)  19(1) 18(1)  0(1) -4(1)  2(1) 
C(14) 15(1)  19(1) 18(1)  0(1) -3(1)  -4(1) 
C(15) 26(1)  25(1) 17(1)  -3(1) -3(1)  -6(1) 
C(16) 21(1)  18(1) 20(1)  -3(1) -3(1)  0(1) 
N(1) 16(1)  19(1) 17(1)  -1(1) -1(1)  -1(1) 
N(2) 15(1)  18(1) 17(1)  -1(1) -1(1)  0(1) 
N(3) 18(1)  19(1) 15(1)  -2(1) -2(1)  0(1) 
N(4) 17(1)  20(1) 16(1)  -2(1) -1(1)  -1(1) 
Eu(1) 13(1)  15(1) 12(1)  -1(1) -2(1)  0(1) 
Gd(1) 13(1)  15(1) 12(1)  -1(1) -2(1)  0(1) 
O(1) 18(1)  27(1) 19(1)  3(1) -4(1)  -3(1) 
O(2) 25(1)  30(1) 32(1)  2(1) -15(1)  0(1) 
O(3) 17(1)  19(1) 24(1)  -6(1) -1(1)  -1(1) 
O(4) 29(1)  21(1) 26(1)  -9(1) -6(1)  1(1) 
O(5) 19(1)  24(1) 16(1)  -1(1) -3(1)  3(1) 
O(6) 23(1)  26(1) 17(1)  3(1) -4(1)  -2(1) 
O(7) 24(1)  20(1) 17(1)  -2(1) -2(1)  -5(1) 
O(8) 39(1)  26(1) 24(1)  -2(1) -5(1)  -15(1) 
O(9) 20(1)  27(1) 18(1)  -4(1) 1(1)  -8(1) 
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Table A3.4: (continued) 
Na(1) 26(1)  29(1) 23(1)  -1(1) 2(1)  0(1) 
O(10) 35(1)  47(1) 68(1)  -17(1) 11(1)  -5(1) 
O(11) 47(2)  35(1) 38(2)  2(1) -12(2)  -15(1) 
O(12) 27(2)  29(2) 33(4)  -1(2) -15(2)  -4(1) 
O(13) 30(4)  31(3) 38(2)  -11(2) -11(2)  1(2) 
O(14) 49(7)  37(4) 49(6)  3(4) -16(5)  -12(5) 
O(15) 21(6)  40(6) 22(8)  -6(5) -14(5)  -1(4) 
O(16) 22(8)  34(8) 44(7)  -14(5) -7(6)  5(5) 
______________________________________________________________________________
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Table A3.5:   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 103) 
for ba56das. 
________________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________________ 
 
H(1A) 1811 6280 2368 25 
H(1B) 2744 6196 1447 25 
H(2A) 4459 4116 1999 26 
H(2B) 4492 5470 2548 26 
H(3A) 4727 2264 4032 24 
H(3B) 5783 3096 3298 24 
H(4A) 5026 1721 2263 25 
H(4B) 5847 625 3020 25 
H(5A) 2779 -1150 2511 25 
H(5B) 4572 -977 2246 25 
H(6A) 3813 1153 1294 26 
H(6B) 3061 -219 1049 26 
H(7A) 189 2874 725 25 
H(7B) 1813 2135 293 25 
H(8A) 3198 3530 1051 27 
H(8B) 1977 4615 471 27 
H(9A) -162 5893 979 25 
H(9B) -466 6176 1968 25 
H(11A) 3755 5470 3882 24 
H(11B) 3202 4074 4480 24 
H(13A) 4646 -766 3982 24 
H(13B) 3006 -1258 3830 24 
H(15A) 648 -409 1180 27 
H(15B) -679 987 1273 27 
H(9C) -1870(30) 1850(20) 4188(14) 32 
H(9D) -1280(30) 2810(20) 4576(11) 32 
H(10A) 2090(30) 4420(30) 6220(20) 75 
H(10B) 2820(30) 3280(30) 6704(14) 75 
H(11C) 6730(50) 2950(40) 860(30) 59 
H(11D) 5870(50) 2590(40) 268(18) 59 
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Table A3.5:  (continued) 
H(12A) 5870(50) 6380(30) 840(30) 43 
H(12B) 5740(40) 7850(30) 790(20) 43 
H(13C) 7430(50) 9030(40) 1462(15) 48 
H(13D) 6960(50) 10130(20) 850(20) 48 
H(14A) 6540(190) 3010(100) 740(90) 67 
H(14B) 6340(170) 1600(120) 720(90) 67 
H(15C) 6010(160) 6450(100) 970(100) 40 
H(15D) 4930(150) 7170(130) 440(60) 40 
H(16A) 7740(70) 9080(120) 1170(90) 50 
H(16B) 6440(130) 8760(90) 870(80) 50 
________________________________________________________________________________
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Table A3.6:  Hydrogen bonds for ba56das [Å and °]. 
____________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________ 
 O(9)-H(9D)...O(4)#1 0.818(15) 1.965(15) 2.7825(17) 177(2) 
 O(9)-H(9C)...O(6)#2 0.811(15) 1.994(16) 2.7940(17) 168(2) 
 O(10)-H(10A)...O(3)#1 0.810(17) 2.12(3) 2.837(2) 147(3) 
 O(10)-H(10B)...O(8)#2 0.848(16) 2.643(17) 3.267(2) 131(2) 
 O(11)-H(11C)...O(2)#3 0.816(18) 1.95(2) 2.754(4) 168(5) 
 O(11)-H(11D)...O(12)#4 0.817(18) 1.87(2) 2.671(8) 167(4) 
 O(12)-H(12A)...O(2)#3 0.847(18) 1.94(2) 2.781(10) 173(4) 
 O(12)-H(12B)...O(13) 0.846(18) 1.92(2) 2.757(16) 173(3) 
 O(13)-H(13C)...O(8)#5 0.825(18) 2.02(2) 2.816(12) 163(4) 
 O(13)-H(13D)...O(11)#6 0.814(18) 1.99(2) 2.792(11) 169(4) 
 O(14)-H(14A)...O(2)#3 0.84(2) 2.06(10) 2.773(13) 142(15) 
 O(14)-H(14B)...O(16)#7 0.84(2) 1.96(12) 2.63(4) 137(14) 
 O(15)-H(15C)...O(2)#3 0.84(2) 1.87(4) 2.71(3) 176(18) 
 O(15)-H(15D)...O(14)#4 0.84(2) 2.13(5) 2.92(3) 156(11) 
 O(16)-H(16A)...O(8)#5 0.84(2) 2.25(12) 2.88(4) 131(13) 
 O(16)-H(16B)...O(15) 0.84(2) 1.80(7) 2.61(6) 160(13) 
____________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y+1,-z+1    #2 -x,-y,-z+1    #3 x+1,y,z      
#4 -x+1,-y+1,-z    #5 x+1,y+1,z    #6 x,y+1,z    #7 x,y-1,z      
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Appendix 4: Determining Crystal Orientation  
 The crystals were both oriented differently on the XRD mount and oriented differently (approximately 90 
degrees apart) on the Q Band EPR (34 GHz).  In the first crystal orientation, in mounting the crystal, the XRD base 
was rotated 123 degrees to the left of center and the epr mount rotated 103 degrees to the right of center compared to 
the set screw in front by measurement with a protractor.  A total 226 degrees difference was found to the right.  
  In the second crystal orientation, the epr mount is 71 degrees right of the set screw in front at a 45 degree 
position of the rod.  This adds to a total of 297 degrees right of epr mount for 2nd orientation at the 45 degree 
position.  With Phi(2) = 95 degrees, Theta(2) = 90 degrees position correlates to phi = 32, theta = 90 after an angular 
adjustment for rotation. 
 Using the orientation matrices, spectra were taken around 306 degrees for the 2
nd
 orientation.  Phi(1) = 
134.9 degrees was found to be equivalent to Phi(2) = 306.1 degrees for Theta(1) = 91.09 degrees and Theta 2 = 0. 
The correlated PHI angles for each orientation were set to 90 degrees at the crossing point, so that THETA (1) = 
268.91 and THETA(2) = 0.   
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